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Preface 


The photographic emulsion is one of many means for investi¬ 
gating radioactive radiations by the ionization produced in their 
tra\ersal through matter. As is well known, radioactivity owes 
its discovery to the somewhat serendipical use of the photographic 
plate in the study of luminous phenomena. Until the development 
of electrical counting instruments, the emulsion played an im¬ 
portant role in the early progress of the science. Although subse¬ 
quently overshadowed by the rapid advancement of electronic de¬ 
vices, it again became an important tool in radioactive measure¬ 
ments as the result of later improvements in emulsion preparation 

The thick-layered, fine-grained emulsion is in many respects 
equivalent to a \\ ilson cloud chamber in its ability to distinguish 
between the tracks of densely ionizing particles. It permits the 
differentiation of the tracks produced by mesons, protons, tritons 
deuterons, alpha particles, and fission fragments. The simple 
measurement of track length provides an accurate measure of 
particle energy. These properties render the emulsion invaluable 
in the study of the mechanism of nuclear reactions and warrant 
its designation as a “nuclear emulsion.” 

In the study of isotopes that decay by alpha-particle emission 
simple microscopic examination of the nuclear emulsion provides 
lie chonnst, metallurgist, biologist, and petrographer with a quan- 
itatne counting tool. Each plate is virtually an independent 
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cations of the emulsion. Essentially the same medium is em¬ 
ployed in the study of individual tracks and in the autoradiog¬ 
raphy of minerals, metals, crystals, and plant and animal tissues 
containing tracer atoms. In each of these diversified applications 
the final interpretation of the pattern produced hv the radio¬ 
active radiations is dependent op an understanding of the regis¬ 
tration mechanism and its interferences. 

The sharp distinction made between alpha- and beta-ray meth¬ 
ods of autoradiography is somewhat artificial hut is necessitated 
by the recording properties of these radiations. The minute range 
of alpha particles in solids permits the attainment of exception¬ 
ally high resolution, and the counting of individual alpha-particle 
tracks provides a quantitative measure of activity. The ionizing 
properties of the beta particle preclude these desirable effects. 
While the recording of alpha radiation is of importance in the 
study of radioactive ores and systems containing isotopes of the 
heavy metals, such as uranium and plutonium, by far the greater 
number of useful tracer isotopes decay with the emission of beta 
particles. Considerable effort has been expended in securing 
beta-ray autoradiographs exhibiting increased resolution, and 
these contributions are described in separate chapters. 

Modern pedagogic thought advocates the coordination of the 
viewpoints and methodology of the different branches of science. 
In practice, however, each subdivision of the physical sciences is 
rapidly becoming more highly specialized, and it is increasingly 
difficult to write authoritatively in fields foreign to one’s spe¬ 
cialty. In this description of the applications of nuclear emul¬ 
sions a common meeting ground is provided for physicist, chem¬ 
ist, and investigators in the fields of mineralogy, crystallography, 
biology, and metallurgy. An expert in any one of these fields 
will doubtless feel that his particular specialty has been pre¬ 
sented in a most elementary fashion, and that the applications 
in the other fields are much too complex for ready comprehension. 

The physicist who, in seeking information on cosmic radiation, 
simply exposes a closed package of plates on some lofty mountain 
peak may well question the necessity for a chapter on laboratory 
techniques, whereas the biologist haunted by fears of pseudo¬ 
photographic effects and spurious chemical and luminescent reac¬ 
tions will lament the brevity of that particular section. 
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Although this work has been designed primarily as a guide on 
the use of emulsions in radioactive measurements, sufficient theo¬ 
retical material has been incorporated to permit the comprehen¬ 
sion of the basic mechanisms underlying the working methods. 
The procedures are representative of the efforts of different in¬ 
vestigators whose contributions to the subject were necessarily 
limited by the particular problems of importance to them. In 
coordinating their work many gaps become evident, and fields 
for further investigation are thus suggested. Though an attempt 
has been made to make a comprehensive survey of the several 
fields of application, it is probable that many important contri¬ 
butions, developed in recent years, have escaped inclusion owing 

t° tllcir intimate association with the development of atomic 
energy. 

Scientific instrumentation, like styles in women’s apparel, has 
a tendency to run in cycles. After the discovery of spontaneous 
radioactive decay it was fashionable to make radioactive meas¬ 
urements with simple devices like photographic plates or scintil¬ 
lation screens. During an era of elaborate electronic recording 
mechanisms, these primitive detectors were looked down on as 
old-fashioned. However, their basic utility is again recognized 
m the latest-model crystal and scintillation counters. 

It is noteworthy that each fundamental advancement, like 
Becqucrel’s discovery of the radioactive radiations and Ruther¬ 
ford's detection of the protons arising in transmutation proc¬ 
esses, was made with simple detectors such as the photographic 
plate and the scintillation screen. Again, the first insight on 
intranuclear forces has been gained with the aid of emulsions as 
recording media for the heavy and light mesons associated with 
nuclear evaporations induced by cosmic radiation. It is gratify¬ 
ing that the first artificially created mesons recorded their char¬ 
acteristic tracks in a cleverly contrived mixture of silver bromide 
dispersed in an extract of cowhide. 

It is a pleasure to acknowledge the aid of Nathan Kaplan in 
the preparation of photomicrographs of representative alpha-rav 
patterns and track structures. I am indebted to Dr. Eugene 
Gardner of the University of California Radiation Laboratory 
for data on the track characteristics of high-energy alpha par¬ 
ticles and deuterons. Likewise, acknowledgment is made of spe- 
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cial information on betra-ray autoradiography received from Dr. 
S. R. Pelc of the Medical Research Council, London, and Dr. 
K. M. Endicott of the National Institutes of Health, prior to 
the publication of their methods. 

Herman Yagoda 

February , 1949 
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Chapter 1 • PHOTOGRAPHIC DETECTION 

OF NUCLEAR PARTICLES 


Like an astronomer photographing stars too joint for his tele¬ 
scope to disclose, he has onlxj to expose the plate for a sufficiently 
long time and the star reveals itself on development. So, in the case 
of radioactive minerals or precipitates, if no action is apparent at 
the end of an hour, one may be shown after twenty-four hours. 
If a day’s exposure will show nothing, try a week's. 

—Sir William Crookes, 1000 


HISTORICAL INTRODUCTION 

Shortly after the introduction of the silver halide emulsion 
as a recording medium for optical images, several curious inves¬ 
tigators placed diverse materials in contact with the plates to 
determine whether an image could be produced without the 
action of light. In 1842 Moser ' 132 observed that many non- 
metalhc substances, including chalk, marble, cotton, and feathers, 
would affect silver halide emulsions in the dark with the pro¬ 
duction of a developable image. In a continuation of these 
studies, Niepce de Saint-Victor X3 noted that the nitrate and 
tartrate of uranium produced fog on silver chloride and iodide 
emulsions. In reporting this effect Niepce states that the black¬ 
ening was also produced when the uranium salts were separated 
from the emulsion by thin sheets of paper of different colors! 
By attributing the blackening to luminescence phenomena the 

discovery of radioactivity was possibly delayed by about 30 
years. 

In 1896 Henri Becquerel 1,10 had occasion to repeat Niepce’s 
experiments to test an hypothesis concerning the reversibility of 
the fluorescent mechanism. Becquerel reasoned that, if x-rays 
make a fluorescent substance shine in the dark, the process may 
be reversible, and, during its subsequent luminescence, the 
phosphor may also emit invisible penetrating rays capable of 
photographic detection. Fortuitously. Becquerel selected urunyl 
sulfate for this experiment. He found that the sunlight-activated 

l 
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salt emitted penetrating radiations which passed through two 
sheets of thick black paper and rendered enclosed Lumiere gela¬ 
tin-silver bromide plates developable after 24 hours’ exposure. 

Had Becquerel selected a non-uraniferous phosphor as the test 
substance, the basic phenomena of radioactivity would probably 
again have escaped discovery. The connecting link between 
Becquerel’s observations and the experiments which led to the 
discovery of the true significance of the radiations is obscure. 
Different versions exist which, like Newton’s falling apple and 
Archimedes’ buoyant bath, have become part of the folklore of 
science. According to Soddy, S32 one cloudy day, the sun being 
obscured, Becquerel placed the wrapped plate and the non-acti- 
vated preparation in a drawer for several weeks, and, “wishing 
to see if any darkening had occurred without the sunlight,” de¬ 
veloped the plate, and found that the blackening had proceeded 
even though the uranyl sulfate had not received prior activation. 
Further studies showed that the penetrating radiation was a 
function of the uranium content of the compound, entirely unre¬ 
lated to its fluorescing properties, and that the radiations were 
also capable of discharging an electroscope. 

These sensational properties stimulated widespread interest in 
the phenomenon. It led to the discovery of polonium and radium 
in pitchblende by the Curies in 1898 and to the formation of the 
concept of nuclear instability by Rutherford and Soddy in 1902. 
S. Curie 034 and, independently, Schmidt sc discovered that 
thorium compounds were also radioactive and that the invisible 
radiations emitted by them could be detected photographically. 
Campbell and Wood C1 discovered that potassium compounds 
were feebly radioactive and that they caused blackening of fast 
emulsions. 

The electroscope had been available to experimental physicists 
since the early part of the eighteenth century. As it was known 
that frictionized amber and glass would charge an electroscope, 
it seems in retrospect somewhat surprising that, in all the inter¬ 
vening years, no one had tried to determine whether substances 
occurred in nature which would accelerate the* discharge of the 
instrument. With Becquerel’s discovery, the photographic emul¬ 
sion became a useful tool in investigating the radioactive prop¬ 
erties of minerals and the oxide fractions isolated from them. 
Sir William Crookes 020 was among the first to publish a list of 
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minerals that activated the photographic plate. He concluded, 
“After going through every mineral in my cabinet, a somewhat 
extensive collection, numbering many fine specimens,” that only 
uranium- and thorium-bearing species produced tlie blackening. 
Similar studies were made by Pisani, 1 * 24 Bardet, B5 Ulrich, U1 
von Born,' 5 and Wherry,"’ 12 who noted the relative degree of 
blackening produced by different minerals and attempted a cor¬ 
relation with their uranium and thorium contents. 

Placing a polished surface of the mineral or rock in contact 
with the emulsion restricted the blackening to the immediate 
vicinity of the radioactive inclusions, and the imprint was termed 
an “autoradiograph” of the section. By injecting radioactive 
compounds into animals and exposing the paraffin tissue blocks 
Lacassagne L1 was able to demonstrate from the resulting “auto- 
historadiographs ’ the distribution of the radioelements in the 
different organs. 

The first intimation that the radiographic image might be of a 
particulate character was obtained in 1909 by Mugge. M33 While 
studying the activities of various minerals, he sprinkled some 
tiny crystals of uraniferous zircon on the surface of a moistened 
photographic plate. After 25 days’ exposure microscopic exami¬ 
nation ol the developed plate revealed rows of black dots emerg¬ 
ing from the mineral grains. He correctly attributed these mark¬ 
ings to the feeble radioactivity of the mineral but failed to iden¬ 
tify the series of silver grains as a tracing of the alpha-particle 
trajectory. Likewise, Kinoshita, K1 ° working in Rutherford’s lab-' 
oratory in 1910 on the blackening produced by alpha radiation 
in emulsions, failed to observe the formation of individual tracks 
owing to his particular experimental arrangement wherein the 
particles were incident upon the plate at small angles with the 

normal. Under this condition the microscopic view of the track 
is essentially that of a distorted point. 

that the passage of an alpha particle, at glancing incidence 
with the emulsion, produces on development a row of silver 
grains outlining the trajectory of the particle was first noted bv 
Reinganum 113 in 1911, about the same time that C. T R Wilson 
produced pictures of the paths of single alpha particles in his 
cloud chamber. This discovery was confirmed bv numerous 
workers, and Makower* 3 succeeded in making photomicro- 
g ,a phs of the fine track structures. Michl M2 « showed that the 
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track length and the number of silver grains per track were 
linear functions of the residual air-ranges of the alpha particles 
incident on the emulsion. 

Kinoshita and Ikeuti Kn introduced traces of Ra(C -f- C') into 
an emulsion by touching it momentarily with a needle coated 
with the active deposit of radon. After exposure and devclop- 



Fig. 1 . Radioactive infection confers, showing annulus of radiating tracks 
produced by touching an emulsion with a needle point coated with 

polonium. 


A. Heavy contact, (dark-field illumination). 
It. Light contact (bright-field illumination). 


ment the microscopic examination of the infected areas revealed 
black spots with a halo of alpha-ray tracks emerging radially 
from the point of contact. The tracks originating from the point 
source generate an approximate sphere whose radius is equal to 
the range of the alpha particles in the emulsion. Microscopic 
views of radioactive infection centers in a modern-type fine¬ 
grained emulsion are reproduced in Fig. 1. 

Using the needle-point technique Sahni S1 investigated the 
photographic effect of beta rays. These patterns did not show 
the approximate spherical symmetry characteristic of alpha par¬ 
ticles, but were irregular and nebulous, and microscopic exami¬ 
nation failed to indicate the presence of straight tracks. Similar 
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experiments with gamma-ray sources yielded feebly blackened 
spots attributed to the production of secondary beta particles by 
the primary gamma radiation. 

That protons produce tracks in photographic emulsions was 
demonstrated by Blau. 1 * 18 ' 10 The average rlistance between sil¬ 
ver grains in proton tracks is greater than that in the tracks pro¬ 
duced by alpha particles. Wilkins and St. Helens W17 likewise 
found that deuterons produced tracks in emulsions and that 
alpha, proton, and deuteron tracks can be differentiated by care¬ 
ful microscopic determination of the relative grain densities. 

Recoil atoms undoubtedly activate the emulsion, but. owing 
to their extremely short range in solids, the tracks produced by 
them are not microscopically resolvable. The massive energetic 
fragments resulting from the neutron-induced fission of uranium 
produce short heavy tracks, and special emulsions have been 
devised for their selective registration. 

Non-ionizing nuclear particles, such as the neutron, do not 

can he detected photographically, how- 
ever , by the tracks of secondary particles produced in nuclear 
reactions with certain atoms in the emulsion. Slow neutrons can 
be captured by the nitrogen of the gelatin, the event becoming 
manifest by the formation of a proton track originating from 
the N 14 (n, p)C 14 reaction. The emulsion can also be loaded 
with boron compounds, thereby providing nuclei for the 
B (n, IIe 4 )Li 7 reaction, the event becoming manifest by the reg¬ 
istration oi a track by the alpha particle and the recoiling Li 7 
nucleus. 18 last neutrons striking component hydrogen atoms 

may cause their acceleration within the emulsion layer with the 
registration of a proton track. 

This brief historical outline indicates that the photographic 
emulsion is an invaluable tool for the detection and differentia¬ 
tion of nuclear particles which has the unique ability to integrate 
the successive impacts into a discernible localized image. Cos¬ 
mic-ray studies 1,18 indicate that the meson, an elusive short-lived 
nuclear particle having a mass about 200 times that of an elec¬ 
tron, produces a characteristic track in silver halide emulsions 
This summary touches only on the more important applications 
of the nuclear-emulsion technique. The work of the earlv inves¬ 
tigators is recorded in St. Meyer and von Schweidler’s classic 
textbook M -’" Rachoaktivitat. An excellent summary of the more 
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modern work in the field of cosmic radiation is available in a 
review by Shapiro. S “ L> 

The early studies on the action of radioactive radiations on 
emulsions were made on the commonly available commercial 
plates intended for optical photography. More recently thick, 
fine-grained emulsions of exceptionally high silver bromide con¬ 
tent designed primarily as recording media for densely ionizing 
radiations have become commercially available. The Eastman 
Nuclear Track (NTA) plate and the Ilford Nuclear Research 
plates are examples of these modern developments. These emul¬ 
sions, intended for the registration of alpha-particle, proton, and 
fission-fragment tracks, are conveniently referred to as Nuclear 
Emulsions for purposes of differentiation from plates intended 
for optical or x-ray photography. The latter are also employed 
in radioactive studies chiefly as recording media for beta and 
gamma radiations. The optical-type emulsions are also rendered 
developable by densely ionizing radiations, but they do not re¬ 
cord individually resolvable tracks. 

PHOTOCHEMICAL AND IONIC REACTIONS 

OF EMULSIONS 

Before embarking on a detailed exposition of autoradiography 
it is well to keep in mind that for years the silver halide emulsion 
was designed primarily as a medium for recording an image by 
electromagnetic radiations in the visual range and that these 
optical emulsions have a variable response to ultraviolet and 
infrared radiations, pseudophotographic agents, pressure, and 
chemical reactions which are likely to interfere with the specific¬ 
ity of the blackening produced by radioactive radiations. The 
reduction of light-activated silver bromide grains to metallic 
silver by suitable developing solutions has formed the basis of 
numerous analytical applications, whereby under controlled con¬ 
ditions the emulsion can be utilized as a recording medium for 
the products of diverse chemical reactions. When a complex 
biological or mineral surface containing radioactive constituents 
is brought into contact with the emulsion, molecular side reac¬ 
tions may also be recorded by the silver salts. It is essential that 
the mechanism of these potential interferences be understood in 
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order to evaluate properly the specificity of the radiographic 
image. 

Chemical Reactions with Emulsions. Hydrogen sulfide gas 
or solutions of metallic sulfides will react with the silver com¬ 
pounds to form a brown stain of silver sulfide which is insoluble 


in the fixing bath. This molecular reaction described bv Ban- 

* 

mann B8 is the basis of the well-known sulfur print method em¬ 
ployed in metallurgy for the detection of iron and manganese 
sulfide inclusions in steels. The requisite conditions of aciditv 
for this interfering reaction will rarely be encountered in prop¬ 
erly prepared dry polished surfaces. In metallographic studies, 
however, it is common practice to etch the polished surface with 
acids in order to enhance surface structures. If anv cracks or 
fissures are present they will retain some acid which will slowly 
liberate traces of hydrogen sulfide from adjacent metallic sulfide 
inclusions. If etched specimens are to be studied radiographi¬ 
cally they should be rinsed in dilute ammonium hydroxide, 
washed, and dried thoroughly before making contact with the 
emulsion. The potential interference of elementary sulfur and 
metallic sulfide minerals in the detection of radioactive inclu¬ 


sions has been studied by Yagoda. Y: " After 30 days’ exposure 
on a Fine-Giain Alpha-Particle emulsion, polished surfaces of 


common sulfide minerals produced no evidence of chemical re 
action. 


It is noteworthy that, if polished sections of pitchblende are 
etched with dilute nitric acid, inclusions of metallic silver, which 
are frequently found associated with the mineral, produce a 
blackening on the radiograph of greater intensity than that of 
the pitchblende proper. During the etching process polonium is 
brought into solution and is deposited electrochemically on the 
silver. The same activation of the silver may take place in the 

mineral deposit, as suggested by Spence, 1 “» as a result of altera¬ 
tion processes in the pitchblende vein. 

Among other chemical reactions with the emulsion may be 
mentioned the work of Boruttau ,i33 on the localization of hydro- 
quinone in animal organs. The emulsion is exposed to light 
moistened with sodium carbonate, and contacted with a tissue 
section. Reduction to silver takes place in regions containing 
lydroquinone. Likewise, alkaline constituents in the polished 
surface can be demonstrated in the method described by 
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Briscoe. 1 * 40 In this modification of the basic reaction, the ex¬ 
posed emulsion is moistened with a developing solution devoid 
of alkali, and reduction to silver takes place only at areas in the 
section which can furnish the essential hydroxyl ions. Chloride 
ions can be localized electrographically in tissues, utilizing a 
silver chromate emulsion Yr * and final reduction of replaced silver 
chloride to metallic silver. The converse process of detecting 
silver compounds 10 in polished section is readily effected by 
contacting the surface with pure-gelatin-coated paper moistened 
with dilute nitric acid and potassium bromide solutions. After 
washing, the residual silver bromide is rendered visible by pho¬ 
tographic reduction. 

Luminescent Interferences. Numerous non-opaque solids 
transform incident electromagnetic radiations into light of lower 
frequency. When the wavelength of the emitted radiation falls 
within the range of normal vision the phenomenon is termed 
fluorescence; when the radiations reside below the purple thresh¬ 
old of vision it is called photoluminescence. On the removal of 
the source of excitation certain crystalline solids continue to emit 
light for varying periods, the phosphorescent radiations residing 
either in the visible, the near ultraviolet, or both. The per¬ 
sistent phosphorescent light is often emitted with a wavelength 
of about 4000 A, and, though difficult to detect visually, the radi¬ 
ation will produce a marked blackening when brought in direct 
contact with blue-sensitive photographic emulsions. Polished 
sections of minerals are often examined under 2537 A ultra¬ 
violet light for the localization of fluorescent inclusions.* 12 Par¬ 
ticular components of the section may thus be activated to phos¬ 
phorescence. If an autoradiograph is made shortly afterwards, 
blackening may be produced by luminescent as well as radio¬ 
active components. 

A number of mineral phosphors arc rendered photoluminescent 
by exposure to sunlight and will produce blackening on prolonged 
contact with light-sensitive emulsions. Mineral varieties of zinc 
sulfide, like wurtzite, and calcium fluoride, like chlorophane and 
antozonite, are activated by the ultraviolet components of sun¬ 
light, and their luminescent reaction with the photographic plate 
has been mistaken for an indication of radioactivitv. 1 ’ 24,112(5 The 
photoluminescence of minerals has been studied extensively by 
Brown 1545 and Iimori. 11 The phenomenon has been utilized in 
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the localization of certain components of polished sections by 
contact photography, and the imprint has been designated an 
autoluminograph. Y7 » 12 

The persistent phosphorescence of matter by sunlight activa¬ 
tion caused considerable confusion in the early investigations 

% a 

of radioactivity with hypersensitive emulsions. 1 - 1 ’ The current 
widespread interest in the distribution of ingested radioactive 
isotopes in plant and animal tissues warrants a word of caution, 
as these complex bodies may contain organic compounds of a 
photoluminescent nature. The investigations of Penn 1>9 show 
that most polynuclear hydrocarbons, both carcinogenic and non- 
carcinogenic, produce fluorescent light with bands in the region 
of 4000-4400 A. 

'Fhe phosphorescent radiations are readily absorbed by thin 
opaque filters, like black paper or suitably dyed sheets of plastic. 
'Flic insertion of a filter between the source and the emulsion 
causes a loss of definition in the radiographic image. It also 
necessitates an increased exposure, as the greater part of the 
alpha radiation is absorbed by the filter. The nuclear-tvpe silver 
bromide emulsions are weakly sensitive to light. Investigations 
of their properties V1 °- 12 show that they are not blackened by 
photoluminescent mineral specimens even when the exposure is 
made immediately after their excitation by strong sources of 
ultraviolet light. 

Emulsions that are sensitive to beta particles are also activated by light. 
These media must be employed in conjunction with an opaque filter when 
persistently phosphorescent material is present in the section. Their 
absence can be established by exposing a trial section to the unfiltered 
radiations from a 4-watt mercury-vapor lamp for about 1 min and con¬ 
tacting the irradiated specimen for 5 min. Because an exposure of several 
days is usually necessary for the production of a radiographic image from 
moderately strong sources of beta radiation, the development of an image 
on the briefly exposed trial plate may often be indicative of the presence 
of photoluminescent inclusions. If the test is negative, the complete 
absence of phosphorescent bodies cannot be assumed with certainty, as 

phosphors may be present which decay too slowly to reveal their presence 
during the brief exposure period. 


Pseudophotographic Effects. As noted earlier, Moser and 
Niepce observed that many solids produced a latent image by 
direct contact with the emulsion in the complete absence of light. 



10 


DETECTION OF NUCLEAR PARTICLES 


Colson 019 observed that metallic zinc, cadmium, and magnesium 
also activated the photographic plate. Extensive studies of this 
phenomenon were made by Russell, 1110 who found that the inter¬ 
position of a thin glass plate between the test substance and the 
emulsion prevented the formation of a developable image, 
whereas sheets of porous materials like Celluloid, gelatin, or paper 
weakened but did not eliminate the image. After numerous ex¬ 
periments Russell concluded that the agent responsible for the 
photographic activity was hydrogen peroxide. This conclusion 
has been verified in more recent investigations by Keenan K5 and 
Churchill, cl5 who ascribe the formation of hydrogen peroxide to 
oxidation processes of freshly abraded metals or to the tendency 
of certain organic compounds related to the terpene series, such 
as Canada balsam, wood, linseed oil, and shellac, to form peroxy 
compounds in the presence of moist air. 

Sheppard and Wightman SL>4 have shown that the actinic action 
of hydrogen peroxide is very similar to that of light. In general, 
emulsions that are most sensitive to light are readily activated 
by traces of this compound. In fast emulsions only a trace of 
hydrogen peroxide vapor is necessary for the activation. Com¬ 
parative experiments Y1 ° show that the Eastman Process plates 
develop a black image after a 10-min exposure 5 cm above a 
3 per cent solution of hydrogen peroxide. Under the same con¬ 
ditions the fine-grained Eastman nuclear-type emulsions show 
no evidence of visual fog even after several hours’ exposure to 
the vapor." Russell’s experiments indicate that about 10“ a g 
of ECO 2 will produce a moderate blackening on certain light- 
sensitive emulsions. 

Pseudophotographic effects are a serious interference with the 
specificity of the autoradiographic mechanism, particularly in 
the study of feeble sources of beta radiation, which necessitate 
long periods of exposure against fast emulsions. The activating 
vapors permeate the black papers employed as a protection 

* The different behavior of coarse- and fine-grained emulsions towards 
hydrogen peroxide is even greater than indicated by these gross observa¬ 
tions. In fine-grained emulsions the peroxide causes destruction ot the 
latent image produced by densely ionizing radiations. The very same re¬ 
agent which causes fogging of light-sensitive emulsions can be employed 
advantageously in the eradication of background alpha tracks as described 
in Chapter 4. 
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against luminous effects. Some measure of protection is afforded 
by impregnating the paper with paraffin. This non-permeable 
filter stops the passage of the peroxide, but its presence causes 
a decided loss in resolving power. 

The potential formation of traces of hydrogen peroxide must 
be guarded against in the choice of materials employed in mount¬ 
ing the specimen and in the construction of the camera. Canada 
balsam, sealing wax, and rosins cannot be employed as mounting 
media for thin sections. Paraffin, montan wax, and plastics, such 
as Lucite and Bakelite, are satisfactory embedding media. Y1 ° 
It is also desirable to employ plastics in place of wood as sup¬ 
ports and housing during the exposure. 

Fogging by wooden supports has been noted in investigations 
of feeble beta-ray activities like those of potassium and rubidium. 
Strong 5544 states: “In several instances the photographic plates 
were supported by pine or oak blocks. In every case it was found 
that these blackened the plate and this darkening spread out as a 
cloud for several millimeters from the parts of the block touching 
the plate.” In studies of the imprints made by polished mineral 
surfaces against photographic plates Ansheles A2 found that after 
5 to 10 months’ contact images were invariably produced on 
development. Aside from radioactive and luminescent effects 
from certain inclusions, Ansheles attributes the print of the rock 
structure to the action of air and moisture, as fissure-free areas, 
in perfect contact with the emulsion, did not produce blackening. 

The pseudophotographic action of certain metals and alloys is 
of particular importance in conjunction with the use of beta-ac¬ 
tive radioisotopes as tracers in metallurgical studies. The inves¬ 
tigations of Churchill rl5 demonstrate conclusively that the fog¬ 
ging action is caused by hydrogen peroxide produced in the re- 
oxidation of the surface of the freshly abraded metal. The in¬ 
tensity of the photographic action varies with the time elapsed 
after abrasion and is most pronounced on a freshly filed surface. 
If the stabilized oxide film is scratched the freshly exposed metal¬ 
lic surface becomes active, and a print of the abrasion marks is 
readily produced by contact photography. 

The specificity of autoradiographs of freshly polished metallic 
surfaces containing radioactive components will be impaired if 
the alloy system contains certain oxidizable metals. Thus 



12 


DETECTION OF NUCLEAR PARTICLES 


Stephens 840 found that an alloy of aluminum and silicon ren¬ 
dered radioactive by neutron bombardment produced, after ex¬ 
posure to x-ray film, a composite pattern in which the distribu¬ 
tion of the radio aluminum was non-homogeneous and the seg¬ 
regates did not always correlate with grain boundaries owing to 
diffuse pseudophotographic effects from the freshly polished 
specimens. 


Table 1. 


Photographic Action of Abraded Metals 


Alloy Composition 

Photographic Action 

Pure aluminum 

Strong image 

Wrought aluminum alloys 

Strong image 

46A1 4- 54Cu (OuA1 2 ) 

Strong image 

Zinc 

Strong image 

Cadmium 

Strong image 

Magnesium 

Strong image 

Zinc amalgam 

Strong image 

Tin 

Faint or none 

Mercurv 

% 

None 

Iyead 

None 

(topper 

None 

Brass 

None 

Iron 

None 

Stainless steel 

None 

and alloys exhibiting the 

pseudophotographic 


are listed in Table I. Fast emulsions like x-rav and Commercial 
Ortho film are particularly sensitive to traces of hydrogen perox¬ 
ide. Experiments with freshly abraded metals contacted with 
these emulsions for 120 hours show that aluminum, cadmium, 
bismuth, and beryllium produce images with photographic densi¬ 
ties ranging between 0.13 and 0.10. Other metals, such as copper, 
silver, iron, nickel, cobalt, and arsenic, placed on the same film, 
did not activate the emulsion. Y18 


Churchill found that coating a freshly abraded surface with a 
very thin layer of a substance that prevented access of air, like 
petroleum jelly, effectively stopped the fogging action by the 
metal. This protective measure is of doubtful utility when deal¬ 
ing with beta-active alloys, as petroleum products are rendered 
luminescent by electron impact. A thin airtight coating of a 
non-luminous lacquer on the thoroughly dried surface should 
overcome this difficultv. 
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Hydrogen peroxide, though the most common fog-producing agent en¬ 
countered in autoradiography, is not the only chemical reagent which simu¬ 
lates light in producing developable sensitivity centers in silver halide 
emulsions. Among the other chemical fogging agents are hypophosphites, 
arsenites, and stannous salts. Clark* 1 ~ investigated the fogging action of 
sodium arsenite in considerable detail, using special single-layer plates 
coated with an emulsion in which the grains were flat tablets of very nearly 
identical shape and size. Clark obtained a blackening curve with 10 per 
cent sodium arsenite identical in contour with one obtained by exposure 
to light. Reducing agents of this sort might conceivably be present in 
tissue containing radioactive and normal isotopes of arsenic or phosphorus 

Oxidizing agents have an opposite, effect on emulsions and tend 
to destroy the latent image produced either by light or incident 
alpha particles. As early as 1905 .Toly 10 had shown that the 
addition of uranyl nitrate to the emulsion reduced its sensitivity 
to light. More recently, Green and Livcsey 021 found that when 
nuclear-type emulsions are loaded with uranium salts they be¬ 
come desensitized to protons, and the alpha-particle tracks re¬ 
corded from the decay of the uranium isotopes are weakened. 
Bv increasing the concentration of uranyl nitrate the alpha- 
particle sensitivity can be further diminished until a point is 
leached where only the more densely ionizing fragments ejected 
in the fission of uranium record tracks in the emulsion. 

Chromic acid also desensitizes emulsions, as recognized bv 
Liippo-Cramer L44 and studied in detail by Sheppard 824 and 
Mees. M23 The latter have shown that, after exposure to light, 
immersion in iV/50 chromic acid greatly reduced both the photo¬ 
graphic gamma and the speed of the plate. Copper sulfate and 
mercuric chloride have also been reported as causing desensitiza- 
tion of light-activated emulsions. Dilute solutions of chromic 
acid have been employed by Perfilov, 1 ’ 13 prior to experimental 
exposure, to destroy the latent image of alpha-ray tracks which 
accumulate in plates as a result of the decay of traces of internal 
radioactive impurities. These factors, which are of great im¬ 
portance in the study of extremely low levels of nuclear disinte- 
gmtions, are presented in greater detail in Chapters 4 and 12. 

The behavior of chemical reagents on the silver bromide emul¬ 
sion is not invariably analogous for both electromagnetic and 
radioactive radiations. Thus, Blau™ and Wambacher w 2 in 
their pioneering work on nuclear-type emulsions discovered that 
pmakryptol yellow sensitizes common photographic emulsions 
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to energetic protons and permits registration of their complete 
trajectories through the recording medium. As is well known, 
the very same dye is an effective desensitizer to light-activated 
plates. Likewise, mercury vapor, which increases the sensitivity 
of panchromatic emulsions to light, causes partial destruction 
of the latent alpha-ray image.' 10 

The behavior of photographic media towards fogging agents 
and sensitizing dyes varies markedly with the ratio of silver 
halide to gelatin and the grain size of the emulsion. The fine¬ 
grained, concentrated, nuclear-type emulsions are not fogged by 
hydrogen peroxide vapor. The investigations of Demers 1)0 like¬ 
wise show that pinakryptol yellow has little effect on the grain 
density of proton tracks recorded in emulsions containing over 
80 per cent silver bromide. The action of various chemicals on 
photographic media must therefore be considered separately for 
each particular emulsion studied. Generalizations must not be 
drawn from observations on a single type. 


PRESSURE EFFECTS 


That the application of pressure alone renders certain emul¬ 
sions developable has been known since the early work of YVar- 
ncrke (1881) and has been confirmed by numerous subsequent 
investigators. The intensity of the image produced by normal 
development varies with the pressure but is very nearly inde¬ 
pendent of the duration of its application. Studies by Back- 
strom 111 on the development of a latent image by pressure on 
ordinary silver halide emulsions and ones sensitized towards red 
light show that pressures of about 1000 kg per cm- must be em¬ 
ployed to produce a measurable effect. When a polished surface 
is placed in contact with the emulsion the weight of the specimen 
is uniformly distributed, and the pressure at any given point of 
contact is low even when the specimen is clamped to the plate 
or film to prevent displacement during exposure. Under normal 
experimental conditions, using plane surfaces, there is little 
danger of interference by pressure effects. 

The nuclear-typo emulsions are sensitive to abrasion and mechanical 
shock. By scratching the emulsion with a steel point the lines cut into 
the gelatin blacken during development. In cutting plates into smaller 
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sized sections spurious lines may develop for 2-3 mm on each side of the 
break which tend to run parallel with the original diamond scratch mark 
made on the glass backing. These lines are very fine and can be ob¬ 
served only under high magnification. Taylor 10 notes that simply draw¬ 
ing a soft hair brush across the gelatin layer before its development pro¬ 
duces a large number of markings simulating tracks. These abrasions are 
distinguished from the tracks of ionizing particles by residing entirely on 
the emulsion surface, whereas the trajectories of nuclear particles usually 
exhibit some"inclination. Also, grains developed by scratches or mechani¬ 
cal shock have a random grain spacing. In the long tracks produced by 
protons the grains are far apart at the beginning of the track and are 
close together towards the end of the trajectory. Altering the illumina¬ 
tion by manipulation of the mirror and condenser will show up a scratch 
by the furrow lines. The particle of abrasive causing the scratch is often 
seen embedded at the scratch termination. 

The effect of simultaneous application of pressure and irradi¬ 
ation with light of different wavelength has been investigated by 
Tsi-Ze and Ta-Yuan. T23 When the emulsion is illuminated with 
yellow-green light a pressure of 100 kg per cm 2 produces a 
marked change in density. To produce a comparable change 
with light of 3131 A the pressure must be augmented to over 
1000 kg per cm 2 . The investigations of Lu L42 show that, when 
the photographic films are exposed to visible or ultraviolet light, 
application of pressure reduces the sensitivity. When gamma 
radiation is employed, the action is reversed, and photographic 
sensitivity is enhanced by the simultaneous application of pres¬ 
sure. 

Ritchie and Thom 117 observed that, on exposure of an emul¬ 
sion to blue light under conditions of variable air pressure, the 
photographic density increased with diminution of air pressure 
as follows: 


Air pressure in mm of Ilg 758 250 51 

Photographic density 1.08 1.30 1.53 


0 

1.64 


They attribute the increase in sensitivity to the removal of bro¬ 
mine molecules from the grain surroundings by the air-pressure 
reduction. The effect of diminished pressure on the recording 
of tracks by densely ionizing particles has not been studied. 
The phenomenon may enter as a factor in experiments on nuclear 
scattering where the emulsion is exposed under conditions of very 
low pressure. 
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NATURE OF THE LATENT IMAGE 


Detailed studies on the nature of the latent image produced 
by charged nuclear particles are not available. It may be as¬ 
sumed as a tentative working hypothesis that the general con¬ 
cepts of the formation of a light-activated image also apply to 
the fine-grained emulsions activated by densely ionizing particles. 
Fast optical emulsions consist of a suspension of silver halide 
crystals ranging in size from 1 to about 3.5 microns. The crystals 
are essentially silver bromide but may have admixed iodide ions 

within the lattice. The introduction of the iodide usually in- 

% 

creases the sensitivity of the emulsion towards light. The nu¬ 
clear-type emulsions consist of dispersions of silver bromide in 
gelatin, the grain size ranging between 0.1 and 0.6 micron. The 
substitution of silver iodide for the bromide causes a marked loss 
in sensitivity for densely ionizing particles. In an experimental 
emulsion in which the grains were composed entirely of silver 
iodide, Demers 1)9 found that even fission fragments failed to 
produce a developable image. In an emulsion of fixed compo¬ 
sition a group of large grains is more sensitive than a cluster of 
small grains. This is equally true in regard to the sensitivity 
of the emulsion towards light and radioactive radiations. 

The gelatin provides a water-permeable medium for the me¬ 
chanical suspension of the halide crystals. This property permits 
ready access of the diverse components of the developing solution 
to the grains without altering appreciably their initial orienta¬ 
tion in the dry state. Land Ln indicates that the gelatin, as a 
protective colloid, promotes the action of the developer on the 
more highly exposed grains. The traces of sulfur compounds 
in the gelatin also play a fundamental role in providing active 
centers, or sensitivity specks, which are believed to consist of 
minute aggregates of silver sulfide. The gelatin also serves in 
the absorption and probable chemical combination of the free 
bromine atoms released from the silver halide crystals during 
exposure. 

For optimum sensitivity the emulsion grains must carry a lim¬ 
ited but sufficient number of silver sulfide sensitivity specks. 
During development the sensitivity specks at the surface of the 
grain are the ones that initiate the reduction to silver. In the 
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quantum-mechanics description of the process, the light photon 
impinges on the area of a grain and, when absorbed, liberates 
photoelectrons in the silver halide. These high-energy electrons 
diffuse into the sensitivity specks which thus become negatively 
charged. The silver halide always contains a number of free, 
positively charged silver ions in the crystal lattice. These mi¬ 
grate to the silver sulfide and neutralize its charge by precipita¬ 
tion as metallic silver. This superficial deposit of silver on the 
light-activated grain serves as a nucleus in the subsequent re¬ 
duction of the entire grain bv the developing solution. When a 
densely ionizing particle strikes a silver bromide grain the same 
mechanism is presumably in operation, but the electrons originate 

as a result of direct ionization through collision in the ervstal 

* 

rather than by photoelectric effect. 

The marked light sensitivity of argentite and other native 
silver sulfide minerals is well known in petrography and is occa¬ 
sionally utilized to detect these species in the microscopic exami¬ 
nation of polished ore sections." 14 * M - L> If an intense beam of light 
is focused on the section, the silver sulfide minerals decompose 
with the formation of filamentary extrusions on the surface and 
a sublimate of sulfur condenses on the objective. That this 
effect is actinic and independent of accompanying thermal effects 
has been demonstrated by Stephens,*™ 9 who absorbed the heat 
rays from the carbon arc light source by means of suitable filters. 
These observations on light-sensitive minerals lend evidence in 
support of the silver sulfide sensitivity speck mechanism for the 
formation of a latent imago.* 


THE AUTORADIOGRAPHIC MECHANISM 

In the decay of radioactive elements three major types of radi¬ 
ations are emitted, all of which are capable of activating photo¬ 
graphic emulsions in varying degrees. The alpha, beta, and 
gamma rays activate particular emulsions, but, owing to dif¬ 
ferences in the properties of the optimum recording media, it is 

* More detailed information on (lie formation and development of the 
optical latent image is available in the comprehensive works of Xeblette X1 
and Mees.M 2 S The factors controlling the rate of fading of the latent 
alpha-ray image on delayed development are discussed in Chapter 4. 
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difficult to make quantitative comparisons of their individual 
effects. An alpha particle of 5.3 Mev energy has a range in 
gelatin-silver bromide of about 23 microns and dissipates 0.23 
Mev per micron of average path. A beta particle of maximum 
energy 2.32 Mev, as emitted in the decay of UX 2 , has an effec¬ 
tive range of about 2800 microns, and it has an energy loss of 
only 0.00083 Mev per micron. On this basis, the alpha particle 
is about 300 times more effective in producing localized ionization 
and chemical action than the beta particle. 

For a thin layer of a radium compound Rutherford H -° found 
the relative ionization and penetrating power to be as tabulated. 


Radiation 

Alpha particles 
Beta particles 
(lamina radiation 


Relative 

Ionization 

10,000 

100 

1 


Penetrating 

Power 

1 

1 (K) 

1,000 to 10,000 


Kinoshita K1 " has demonstrated that in the homogeneous alpha 
particles emitted from RaC' each particle produces a detectable 
photographic effect. The gamma radiations are the most pene¬ 
trating of all but have an appreciable photographic action only 
on fast, coarse-grained emulsions (see page 248). 

The photographic action of the three radiations is exhibited 
graphically in Fig. 2. This depicts a cross section of a homo¬ 
geneous radioactive mineral whose polished surface is in direct 
contact with a recording emulsion sensitive to all three radia¬ 
tions, such as fast x-ray film. The radiations are emitted in all 
directions, and each minute grain whose atoms are undergoing 
radioactive decomposition may be visualized as the center of a 
series of concentric spheres of radii equal to the range of the 
several radiations in the medium. Wherever these spheres inter¬ 
sect the plane of the emulsion and sufficient energy is absorbed 
the halide grains are rendered developable. Points located on the 
polished surface will form a sharply defined image of a diam¬ 
eter equal to twice the range of the most penetrating alpha par¬ 
ticle, accompanied by a diffuse image from the more penetrating, 
but less active, beta and gamma rays. Radioactive nuclei slightly 
beyond the maximum range of the alpha particle in the min¬ 
eral, as points B to C, will contribute only to the fogging of the 
primary pattern, and a diffuse image will be recorded on some 
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emulsions by the gamma radiation from the most remote nuclei, 
such as point D. 

It is evident from these considerations that tlie autoradio¬ 
graphic print produced on an emulsion sensitive to all three 
radiations is not a true representation of the radioactive compo¬ 
nents of the polished surface. In experimental practice it is often 



Fig. 2. Photographic action of radiations on optical emulsion. The small¬ 
est circles represent the relative range of the alpha rays. The large circles 
about points A. B . and C represent the active range of the beta radiation. 
The gamma rays originate from all parts of the specimen but are depicted 
only for the remote point £>. In this idealized model it is assumed that 
the source and the emulsion have identical stopping powers. 


necessary to interpose a sheet of black paper bet ween the speci¬ 
men and the plate in order to avoid autoluminescent and pseudo¬ 
photographic interferences from other inclusions in the section. 
1 he black paper absorbs the greater part of the energy of the 
short-ranged alpha particles, and the resultant diffuse image is 
essentially a measure of the blackening produced by the pene¬ 
trating beta and gamma radiations. 

To obtain a radiographic imprint which is a true representa¬ 
tion of the distribution of the radioactive components near the 
surface, it is necessary to arrange experimental conditions so 
that only the alpha rays activate the emulsion. This is entirely 
feasible through the use of the specially developed nuclear-type 
emulsions. Their low level of sensitivity to beta, gamma, and 
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electromagnetic radiations and their insensitivity to pseudopho¬ 
tographic effects permit the recording of a sharply defined alpha- 
ray pattern of the surface. Under these conditions the photo¬ 
graphic density is a quantitative measure of the rate of alpha- 
particle emission from the test surface. The selective alpha- 
particle-emission pattern effects an elegant solution to many 
problems involving the spatial orientation of radioactive compo¬ 
nents in plane surfaces. 

Of the synthetic radioactive isotopes only those of the trans¬ 
uranium elements emit alpha particles. The elements of chief 
interest as biological tracers, C 14 , S 33 , P 32 , and I 131 , decay with 
the emission of beta particles or gamma radiation. When mem¬ 
bers of this important class of radioisotopes are employed in 
tracer studies their autoradiographic localization can be effected 
by selecting photographic emulsions sensitive to the energies of 
the respective beta particles. The resolving power is in general 
poor, owing to scattering and to the fact that moderately coarse¬ 
grained emulsions must be employed. Better definition is se¬ 
cured from the use of very thin sections, which, though reducing 
geometric diffuseness, necessitate the use of prolonged exposures 
or highly active preparations. These factors are considered in 
greater detail in Chapter 10. 

Radiography of Weak Sources. The optical photographic 
emulsions are serviceable in delineating a radiographic image of 
surfaces containing feebly radioactive segregates. On nuclear- 
type emulsions, sensitive only to alpha particles, about 10“ tracks 
per cm- are necessary for the production of an image that is just 
discernible from the background. For convenience in subsequent 
observation a greater density is desirable, setting the practical 
limit at about 10 7 tracks. When the sample contains about 50 
per cent uranium the total alpha-particle flux is obtained after 
an exposure of 24 hours. The exposure increases as the activity 
diminishes. With feebly radioactive material containing less 
than 1 per cent uranium in solid solution the exposure must be 
extended for about 2 months. This period can be reduced, at the 
expense of resolving power, by employing coarse-grained emul¬ 
sions. These produce a greater blackening per alpha particle 
and also respond to the beta radiation originating from the inte¬ 
rior of the inclusions. 
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In the determination of the suitability of allanite specimens as indi¬ 
cators of geological age, Marbleemployed Eastman Process plates 
which are exposed against the polished specimen for at least 3 weeks. 
Plates are preferable to film, as the weight of the specimen is less likely 
to cause pressure effects on a plate, and film often curls slightly in this 
length of time. A 35-dav exposure period on an allanite specimen con¬ 
taining 1.07 per cent thorium and 0.069 per cent uranium yielded an auto¬ 
radiograph ot sufficient density for subsequent reproduction.' 18 A speci¬ 
men from another locality, carrying 0.715 per cent thorium and 0.033 per 
cent uranium, furnished an exceedingly faint radiograph after 23 days’ 
exposure but proved of sufficient density to demonstrate the uniform 
distribution of these elements in the mineral.' 17 

The distribution ot the traces of thorium and uranium in rocks 
presents one of the most difficult problems in autoradiography. 
According to the measurements of Evans and Goodman 1:12 the 
acid igneous rocks contain 3 X 10“° g of V per gram of rock and 
13 x 10 g of Th. Difficulties in obtaining duplicate check 
analyses tire attributed to inhomogeneous distribution of radium, 
and hence of its parent element, uranium. This inhomogeneity, 
according to Evans, is usual rather than exceptional in rocks 
and introduces a sampling probable error which may greatly 
exceed the analytical uncertainty. A pictorial representation of 
the radioactive segregates would serve as an indicator of the suit¬ 
ability of the sample for radiometric measurement. 

An appioach to the solution ot this problem has been attempted 
by Kirsch K12 using very fast emulsions in conjunction with 
exposures of several weeks’ duration. The extremely faint auto¬ 
radiographic image is then intensified by means of mercuric 
chloride as in processing underexposed optical emulsions. 1123 
The resultant pattern is compared with an image produced by a 
section of pitchblende of known uranium content which is ex¬ 
posed for only 5 min. Samples of granite, hornblende, gabbro. 
and lepidolite studied by Kirsch exhibited an essentially uniform 
distribution of the radioactive components. In prolonged expo¬ 
sures on hypersensitive emulsions precautions must be taken to 

avoid pseudophotographic and autoluminous reactions with the 
recording medium. 

Microscopic examination of the alpha-ray image recorded on a 
nuclear-type emulsion yields reliable information on the statisti¬ 
cal distribution of the individual tracks when their population 
exceeds 1000 per cm 2 . In rocks of low uranium and thorium 
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content an ample number of tracks will be recorded after an 
exposure of about a month. Although track-distribution studies 
are not as convenient as a visually discernible radiographic 
image, the method permits the microscopic recognition of radio¬ 
active segregates of dimensions comparable to those of radio¬ 
colloids. The method is also extraordinarily selective, as the 
distinctive appearance of the alpha-particle tracks avoids confu¬ 
sion with the structureless images produced by fogging agents. 
The details of this quantitative method are described in Chap¬ 
ter 7. 

Measurement of Photographic Density. The quantity of silver 
deposited in the gelatin as a result of radioactive exposure and 
development is determined, as in the case of an optical image, 
by measurement of the photographic density, D . This quantity 
is defined as D = — log 10 (////*>, in which I, and I t are the in¬ 
tensities of the light transmitted by the silver deposit and that 
incident upon it, respectively. The photographic density of the 
autoradiographic image can be measured either by visual com¬ 
parison against standards or, preferably, by means of automatic 
recording instruments. The individual images of highly segre¬ 
gated material may be very small, and the densitometer should 
be provided with slits of comparable dimensions. The instru¬ 
ments designed for measuring very small areas, as of motion- 
picture film described by Capstaff, c2 or the Hartmann 1115 micro¬ 
densitometer employed extensively in astronomical photometry, 
are readily adapted to autoradiographic density measurements. 
The more common instruments designed for the measurement of 
the density of spectrum lines can also be employed in measuring 
the density produced by segregates whose dimensions exceed the 

slit height. 

The interpretation of the photographic density of a beta- oi 
gamma-ray image is identical with that of an optical image. 
The alpha particle, however, registers an oriented track, and the 
density of the image is dependent on the angle of incidence as 
well as on the number and energy of the particles. Alpha par¬ 
ticles collimated at right angles to the emulsion register as dis¬ 
torted points, whereas those entering the emulsion at glancing 
incidence are recorded in their full length and produce maximum 
opacity. The measurements of Bothe 1137 show that the photo- 
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graphic density is proportional to the cosine of the angle of inci¬ 
dence of the rays. 

Using alpha particles collimated at right angles to the plane of 

the emulsion, Kinoshita K1 ° found that the relationship between 

the photographic density and the number of incident particles, N 
is expressed bv: 


D = D m (\ - 


c 


-r.V 


) 


(0 


where D„, is the maximuin density obtainable with the particu¬ 
lar grain emulsion and processing, and <■ is a constant. Wilkins 
and Wolfe"'" 1 confirmed the general applicability of this equa¬ 
tion for several commercial emulsions and found that r is inde¬ 
pendent of emulsion thickness and that its value is proportional 
to the probability of an alpha particle hitting a particular sur- 
lace grain. When an alpha particle penetrates to a depth d the 
number of grains, k, rendered developable is equal to (nr*d) X 
K/„/dl, where nr- is the probability of one of the .V alpha par¬ 
ticles hitting a particular surface grain, and G u is the number of 

grains per square centimeter of emulsion surface. Hence c in 
equation 1 is equal to k/G„. 

Further investigations by Sheppard,*** using non-collimated 

alpha-ray sources held close to the film, show that the probabil¬ 
ity constant c does not stay constant but decreases with pro¬ 
gressive increase in density. In exposures where the alpha par¬ 
ticles strike the emulsion at all possible angles, equation 1 is no 
longer applicable and must be replaced bv: 


D = 1.57Z>„,(1 - e G G -) 


( 2 ) 


In this expression G is the number of grains activated by alpha 
paitides and G„, is the number of grains accessible to the radia¬ 
tion as defined by their range in the gelatin-silver bromide me¬ 
dium. The number of activated grains is formulated by: 

G = G m [\ - e -*w/«W] (3) 

in which k is the average number of grains per track. Experi- 
menta data on Eastman Process film are in close agreement 

observed^ 77^ CXl "' eSsUms as sho ' vn ln Fig- 3. It will be 
bscned that for process film the photographic density is very 

neaily a linear function of .V up to 2 X 10* alpha particles per 
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cm 2 and that this covers the useful range of most autoradio¬ 
graphic exposures. 

For a given emulsion and exposure the photographic density 
will increase with increasing energy of the alpha particle. The 
factors governing the grain density in single tracks are discussed 
m Chapter 12. According to Wilkins" 24 the photographic den- 
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Number alpha particles per cm 2 

I* k;. 3. Relationship between density and number of alpha particles. Re¬ 
constructed Irorn the data of Wilkins"- 4 using Process emulsions having 
the following characteristics: D ni = 5.0. G m = 2.71 X 10° per cm-, k = 10 

at 20° C and 3.6 at -185° C\ tt / 2 = 0.366/x-. 

sity is also dependent on the temperature of the exposure. At 
exceedingly low temperatures ( —185° C) the value of c fell to 
about one-third of its value at 20° C. Wilkins attributes this 
not to a difference in range of the alpha particles but to a varia¬ 
tion in the number of grains per track. Sheppard S2r> suggests 
that at very low temperatures the bromine set free by the expo¬ 
sure is immobile and partly recombines with the silver whereas at 
room temperature it is immediately absorbed by the gelatin. 

The temperature during exposure enters as a significant factor 
in emulsions exposed to cosmic radiation in the stratosphere 
where both abnormally low and high temperatures are encoun¬ 
tered depending on the position of the plates relative to the sun’s 
rays. A predominating low temperature will cause the tracks to 
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develop with a lower grain density. Experiments by Salant sr,:l 

show that the developed grain density in the tracks of recoil 

protons traversing the emulsion at -60° C is about one-third 

less than in control plates kept at 20° C during the fast neutron 
bombardment. 

Svedberg and Anderson S4,i have studied the sensitivity of 
photographic emulsions towards alpha particles as a function 
of grain size in the emulsion. They find that the percentage of 
grains rendered developable P is dependent on the alpha-particle 
flux / striking unit area of the emulsion per second, the average 
cross-sectional area of the silver halide grains A. and the time of 
exposure t. They conclude that each grain hit by an alpha par¬ 
ticle is made developable and that the sensitivity of the emul- 
sion is expressed bv: 


P = i()()(i - e - A/t ) 


(->) 


Experiments with polonium sources emitting alpha particles at a 
rate of 50,000 per cm- per see show that, as the grain size in¬ 
creased m a series of commercial emulsions, the percentage of 
developable grains increased for a constant period of exposure. 

In the Lantern Slide-type emulsion, commonly employed in the 
autoradiography of weak sources, the grain diameter is about 0 
times greater than in the nuclear-type emulsions. Bv sacrificing 
track definition and resolving power, a 5-fold increase in photo¬ 
graphic density is secured through the use of the coarser-grained 
emulsion This factor is due to the alpha-ray component onlv 
ami the blackening is further augmented if the source also emits 
beta particles, as the coarse-grained emulsions are also activated 

by them. 

Pinhole Autoradiography. It is not practical to studv the 
sui face distribution ot very active preparations by the methods 
ot contact autoradiography. In manipulating a source of l 
(•line strength the total exposure must be kept below 0 001 sec 
I o avoid excessive blackening an elaborate mechanism would 
be necessary ,» making and breaking contact with the emulsion 

1 he fact that in an evacuated system the alpha particles travel 
in straight lines without absorption or scatter permits the record 
'"g of a picture of the source by means of a pinhole camera \n 
‘inerted image is produced, its size dependent on the ratio of the 
distances ol the diaphragm between the source and the recordmg 
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medium, and its definition improving with diminishing size of the 

orifice. Tiie pinhole support must exceed a thickness of 50 

microns in order to serve as a complete barrier for ThC' alpha 
particles. 

A\ ith a pinhole of diameter d set parallel with respect to the 
source, and the emulsion at an equal distance R, the time of 
exposure in seconds is approximated by 1 6R 2 J/qd 2 , where q is 
the activity of the source in curies per square centimeter and / 
is the number of alpha particles necessary for the production of 
a vis ual image on unit area of the particular type of emulsion. 
In a camera constructed so that d = 0.05 cm, R = 5 cm. and 
utilizing a fine-grain emulsion with / = 10 7 tracks per cm 2 , the 
exposure for 1 curie of polonium per cm 2 is about 43 sec. By 
extending the exposure to 100 hours the method becomes applic¬ 
able to weaker sources of about 0.1 inillicurie per cm. 2 Because 
the polished surface of the richest uranium ores has an activity 

ol only ^10 8 curie, the exposure is rendered unpractically long 
(about 100 years). 

The method has been applied by Morris and Lockenvitz M41 in 
a study of the distribution ot polonium on thin films of silver and 
bismuth. Pinhole autoradiography has also proved serviceable 
in defining the uniformity ot polonium deposits employed as test 
films for electrical resistivity measurements by Maxwell and co¬ 
workers.*' 142 



Chapter 2 • COMPARISON OF SCINTILLATION 

AND PHOTOGRAPHIC METHODS 


Those who haw t( > (laide the destinies of nations might do worse 
than take a peep through the lens of a spinthariscope and spend 
the rest of the dag in the contemplation of its implications. Even 
scientific men, who, of all people, might he expected to be the first 
to lealize the consequences of their own discoveries, in their private 
lives still think', act and counsel others as though it is onlg bg the 
most heroic exertions that angone survives in the struggle for 
existence. For generations now. and . indeed, ever since the har¬ 
nessing of or dinar g fuels, the struggle has, like the Oxford and 
( am bridge boatrace, been of traditional and sqmbolic rather than 
plugs,cal significance. After having struggled so long to exist hu¬ 
man,tg now exists to struggle.— Frederick Scxhlv 19 d‘> 

y ** 


It 1 .S informative to consider the scintillation method of alnha- 
particle detection, as this almost forgotten technique has many 
features in common with the emulsion method for recording the 
tracks of ionizing particles. The translation of the energy of the 
impinging alpha particle into light by zinc sulfide or' photo- 
chemical activity in silver bromide is probably governed by simi- 
lai mechanisms. It is also desirable to call attention to this 
simple method of radiation detection if for no other reason than 
to dispel a prevailing notion that elaborate instrumentation is 
invariably a prerequisite to modern nuclear research. When one 
considers that many of the basic laws of radioactivity were for¬ 
mulated and the first evidence for artificial nuclear "disintegra¬ 
tion was secured with the aid of a coating of zinc sulfide, it be¬ 
comes evident that the results achieved, and not the complexity 
ot the apparatus, are of moment. 


SCINTILLATION METHOD 

Certain natural crystals like willemite and diamond, and lab- 
° y Preparations of barium platinocyanide and zinc sulfide 
uideied luminous on exposure to strong sources of alpha or 
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l)(‘ta radiation. Sir William Crookes 1 and, independently, 
hist or and (leitel 1 '- found that, on microscopic examination of 
the irradiated zinc sulfide screen, the luminosity was not con¬ 
tinuous, but that each impact of an alpha particle produced a 
flash discernible by a dark-adapted eye. Crookes devised a 
simple instrument termed a spinthariscope consisting of a thin 
film of zinc sulfide and a low-power magnifying lens focused on 
the screen, which renders the scintillations visible from a close-bv 
alpha-active source. 

The scholarly-minded Crookes derived the name for this instrument 028 
Irom (he Creek word avivOapis, as used by the poet Homer in the Hymn 
to Apollo: “Here from the ship leaped the far darting Lord Apollo, like a 
star at midday, while from him flitted scintillations of fire, and the bril¬ 
liancy reached to heaven.” Half a century after Crookes’ discovery. 
Henry D. Smyth, S3 ° reporting an epochal experiment on the first divergent 
nuclear chain reaction, is also moved to Homeric expression: “At the 
appointed time there was a blinding flash lighting up the entire area 
brighter than the brightest daylight. A mountain range three miles from 
the observation post stood out in bold relief. Then came a tremendous 
sustained roar and a heavy pressure wave. . . . thereafter a huge multi¬ 
colored surging cloud boiled to an altitude of over 40.000 feet.” 

A spinthariscope adapted to the visual detection of radioactive 
inclusions in polished mineral sections is described in Fig. 4. In 
the absence of electrical counting instruments it serves as a rapid 
means for establishing the presence of alpha-ray-omitting ele¬ 
ments and with adequate experience furnishes a guide for esti¬ 
mating the proper exposure period in subsequent measurements 
with fine-grained emulsions. The tests are made in a darkened 
room, and observations are best delayed for several minutes until 
the eye becomes dark adapted. It is good practice to initiate 
observations on a polished section of known radioactivity, and 
when the flashes become discernible to replace the test section 
by the specimens under investigation. Conclusions are unam¬ 
biguous when flashes are observed at a rate exceeding 1 per min. 

W hen the segregate has an exposed area of 1 mm 2 , statistically 
about 2 scintillations per sec can be observed when the uranium 
content is above 50 per cent. 

The experiment can be conducted quantitatively by supporting 
a zinc sulfide screen at a distance d above the center of a circular 
thin film of the preparation having a radius a, and focusing on 
the screen with a (>X objective and a 5x widc-ficld ocular. If 
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A is the area of the screen covered by the microscopic field, n 
the number of scintillations observed per second, then the num¬ 
ber of alpha particles emitted per second 8 from 1 cm 2 of the 
source is, according to Rutherford: R18 


6 = 


2 n 


A l 


d 


vV + d 2 


( 5 ) 


Uith sufficient care and patience the scintillation method can 
yield accurate results, as evidenced by Rutherford’s determina¬ 
tion of the rate of disintegration of uranium 
and thorium K18 and the determination of 
the decay constant of radium by Geiger and 
\\ erner. <;s The disintegration rates evalu¬ 
ated from scintillation counts are about 5 

per cent lower than the values obtained bv 

* 

modern electrical counting devices. Meth¬ 
ods for the preparation of zinc sulfide 
screens arc described in Chapter 3. 
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Fig. 4. Spinthariscope 
lor detecting alpha 
particles from pol- 
i>hed sections. 


<’■ Scintillation 
screen with deposit 
ol activated zinc sul¬ 
fide, ZnS-Ou. 

b. 10X lens, focused 
on zinc sulfide layer. 


Lhe production of scintillations is com¬ 
monly attributed 1120 to a network of fine 
strains in the crystal lattice caused by the 
presence of the activating ions in the phos¬ 
phor. The passage of the alpha particle re¬ 
leases the strains along a cylindrical vol¬ 
ume.* this space is delineated by the 

range of the alpha particle in the solid phosphor and its effective 
cross section, which is proportional to the radius of action This 
view is consistent with the gradual decay of the luminosity of the 
screen under prolonged bombardment and is similar to the phe- 

* Of her densely ionizing particles as the proton also produce individually 
discernible sc,filiations on traversing the phosphor. In his classical work 
on the disintegration of nitrogen by alpha-particle bombardment R„,her¬ 
on notes that the long-ranged protons arising from the reaction produce 
.,M(s O lesser brilliance than the bombarding alpha particles This is 
■ma ogous to the difference in grain densities of the tracks produced by 

P ° on ^ an<1 nlplm particles m emulsions and reflects the different ioni/im* 
properties of the two particles. loni/mji 
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nomenon of polarization produced in emulsions on prolonged high- 
flux alpha-particle exposures. Assuming that an active center 
of the phosphor is destroyed once it has taken part in the emission 
of light, Rutherford ,!,a found that the radius of action of the 


alpha particle is about 7X10 


-8 


cm. In nuclear emulsions the 


%• r ' - **vivivc«,x vujuioiuno lilt; 

radius of action is about 10- r - cm, the more effective cross section 
and greater visibility having arisen during the development proc¬ 
ess, which reduces the entire grain to silver and not merely the 
channel through which the alpha particle plowed its way. 

It has been observed ™ that the zinc sulfide employed in the 
preparation of screens is triboluminescent and, like many forms 
of naturally occurring sphalerite, produces flashes of green light 
on abrasion in the dark. If the screen is compressed against or 
moved across a non-radioactive surface, under the microscope 
are observed numerous bright green flashes which are difficult to 
distinguish from the scintillations produced by a radioactive 
source separated from the stationary screen. The passage of the 
alpha particle produces momentarily an extremely high tempera¬ 
ture in the space it traverses even when a small part of its energy 
is converted into heat. The scintillations may possibly originate 
from the transformation of the localized heat into light by the 
triboluminescent zinc sulfide. A similar “point-heat” mechanism 
has been postulated in the explanation of the biological action 
of alpha radiations in tissues. 1 '- 4 

Spectrographie analyses of the scintillations produced in ZnS-Cu 
phosphors show that the light covers a wide band between 4000 
and 0000 A with two maxima at 4500 and 5200 A. The latter 
peak corresponds closely to the 5050 A line at which the dark- 
adapted eye is most sensitive. This fortunate distribution of 
the luminescence is an important factor in the sensitivity of the 
method which permits the visual detection of the passage of an 
alpha particle. 1 lie brilliance of the flash is dependent on the 
residual energy of the alpha particle at the time it strikes the 
screen. 1 he flashes produced from thorium minerals are in gen¬ 
eral more brilliant than those initiated by the alpha rays of 
uranilerous materials. I his is in accord with the general higher 
energy of the alpha particles associated with the thorium disin¬ 
tegration series. The length of a track recorded in an emulsion 
is likewise dependent on the residual energy of the particle at the 
moment of entry into the recording medium. 
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By examination of the scintillations produced in large grains of 
zinc sulfide or continuous cleavages of willemite <iT or diamond 011 
at about SOOx the flash can be resolved as a distinct track. The 
range of the luminous tracks of polonium alpha particles in a 
willemite crystal has been estimated at 20 microns.* 19 In nu¬ 
clear-type emulsions the track length is of the same order of 
magnitude. 

Several homogeneous transparent cleavages of sphalerite have 
been investigated yiT for sensitivity to alpha radiation. Of the 
crystals tested none exhibited scintillations or tracks. The trace 
constituents essential to the scintillation mechanism were prob¬ 
ably absent in the clear transparent mineral specimens tested. 
A continuous screen is advantageous in quantitative measure¬ 
ments, as with powder screens a correction must be made for the 
voids between crystal grains. It is noteworthy that the emul¬ 
sion is also essentially a discontinuous medium, and alpha par¬ 
ticles of low residual range may at times spend the greater part 
of their energy in the gelatin only. 


PHOSPHOR SCREENS FOR BETA PARTICLES 

Mineral phosphors vary considerably in their luminous re¬ 
sponse to radioactive radiations. Zinc sulfide is activated chiefly 
by al Pha particles. Scheelite (calcium tungstate)* and barium 
platinocyanide are especially sensitive to beta and gamma rays. 
II illemite (a zinc silicate activated by manganese) shows about 
equal response to all three radiations. According to Thomp¬ 
son strontium sulfide activated by cerium and samarium ex¬ 
hibits high luminosity on beta-ray irradiation. 

These luminescent phenomena suggest that the sensitivity of 
photographic emulsions to beta radiation might be enhanced bv 
the incorporation of suitable phosphors in the gelatin, the fluores¬ 
cent light thereby augmenting the actinic action on the silver 

* Screens of the mmerul scheelite and special chemical preparations of 
calcium tungstate luminesce with a bluish color under beta-particle bom 
bardment. In irradiating minerals with slow neutrons the writer has ob 
served that scheelite of diverse geologic origin becomes persistently lumi- 

*cent, the intensity of the glow diminishes slowly but is still monounr i 
several hours after the bombardment. The phenomenon £ probably ' ZZ d 
°Y the mission of beta particles from radiotungsten formed bv nan 

-.* «•»* *"» JiasTtirr 
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halides. These potential improvements in emulsions intended 
for use in beta-rav autoradiography are discussed in Chapter 10. 

CONDUCTIVITY PULSES INDUCED IN PHOSPHORS 

The investigations of van Heerden' 1 on the use of certain 
ciystalline solids as ionization media for the measurement of con¬ 
ducts ity pulses initiated by radioactive radiations are causing 
renewed interest in the use of crystals for the detection and dif¬ 
ferentiation of nuclear radiations. \ an Heerden observed that 
alpha particles produce ionization in crystals of silver chloride 
of sufficient magnitude that the voltage pulse of every single 
particle, if sufficiently amplified, can be observed and measured. 
At the temperature of liquid nitrogen the voltage pulse induced 
in synthetic crystals of silver chloride is proportional to the 
energy of the particle. The crystal counter permits the measure¬ 
ment of the energy spectrum of any radioactive radiation that 
it can detect. Crystal counters are particularly effective in the 
study of gamma radiation because of their high absorption per 
unit volume. Likewise, beta rays of fixed energy produce ioniza¬ 
tion pulses the magnitude of which is a measure of the incident 
energy. 

The formation of conductivity pulses in single crystals of silver 
chloride is also of interest in conjunction with the emulsion tech¬ 
nique. At low temperatures the crystal probably records a latent 
image. Efforts have been made Y17 to develop the latent alpha- 
particle image in specimens exposed tangentially to polonium 
alpha particles by means of standard elon-hydroquinone devel¬ 
oping solutions. Individual tracks could not be observed owing 
to the deposition of a mirror-like film of metallic silver on the 
exposed surface. The silver chloride was employed in the form 
of thin rolled sheets, and the mechanical strain was probably the 
cause of the heavy silver deposition. It is problematical whether 
the latent image of densely ionizing radiations can be developed 
successfully in pure silver chloride in the total absence of gelatin 
and its associated traces of sulfur compounds.* 

* It is possible that crystals of the native silver halides, carrying traces 
of activating ions, may operate as crystal counters at room temperature. 
Native crystals of ccrargyrite—AgCl, bromyrite—AgBr. iodyrite—Agl. 
embolite—Ag(Br,Cl), and iodobromite—2AgCl-2AgBr-Agl carry traces 
of metallic ions and provide convenient specimens for further investigation 
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Hofstadter, Milton, and Ridgway H31 have studied the be¬ 
havior of six synthetic silver chloride crystals. One specimen did 
not record pulses, and the energy per ion pair in the other five 
crystals ranged between 13 and 500 ev. They suggest that 
strained regions in the crystal probably act as electron traps and 
reduce the range of electrons in the conduction band. These 
enatic stiains might be responsible for the large variation in the 
energy per ion pair in different specimens.* Hofstadter attrib¬ 
utes the individual pulses induced by gamma radiation to the 
formation of high-speed beta particles in the silver chloride by 
the incident radiation. Hofstadter Iu - has investigated the re¬ 
cording properties of a crystal composed of 40 per cent thallium 
bromide and 60 per cent thallium iodide. After annealing to 
remove strains and chilling with liquid nitrogen the crystal gave 
satisfactory pulses on exposure to gamma radiation. Crystals 
of high density composed of heavy nuclei favor ion-pair produc¬ 
tion by feebly ionizing radiations. These experiments with thal¬ 
lium halides suggest that emulsions of these compounds may 
prove satisfactory recording media for the tracks of nuclear par¬ 
ticles. These novel emulsions would be of chief interest in con¬ 
junction with fissionability studies on thallium isotopes. 

Wooldridge, Ahearn, and Burton "'-’ 7 found that certain diamond 
specimens exhibit the phenomenon of radiation-induced conduc¬ 
tivity and that the pulses can be measured with the specimen at 
room temperature. This simplification makes the crystal counter 
exceptionally useful because of its small size, low operating volt¬ 
age, and rapid counting rate. It is noteworthy that van Heerden, 
experimenting with only one diamond crystal, found that it did 
not record conduction pulses. Also, Curtis and Brown report 
that apparently only water-white diamonds free from obvious 
flaws serve as satisfactory radiation detectors. This suggests 
that the induced conductivity pulse, like the luminescent prop¬ 
erties of many phosphors, may be dependent on crvstal structure 
01 the Presence of suitable activating ions in the lattice. The 

Accoiding lo N. F. Mott, ion-pair production in solids like silver bro 

.“c sr.yrr*' 11,0 - 
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work of Raman 1,1 on the fluorescent properties of diamonds 
shows that specimens with tetrahedral symmetry fluoresce blue 
under filtered 2537 A ultraviolet light. Crystals with octahedral 
symmetry are non-luminescent, and diamonds in which the tetra¬ 
hedral and octahedral structural types are intimately mixed ex¬ 
hibit the greenish-yellow type of luminescence. Similar studies * 
on crystals exhibiting conductivity pulses may provide a simple 
guide for the selection of specimens for use in crystal counters. 
In this connection it is also of interest that Chariton and Lea 011 

observed scintillations in alpha-particle-bombarded diamond 
chips. 


ELECTRONIC SCINTILLATION COUNTERS 

The humble scintillation screen has recently been incorporated 
into new types of radiation detectors. In these devices the eye 
is relieved of the task of viewing the individual flash, and in its 
stead a photomultiplier tube circuit enhances the initial light 
quanta from the phosphor sufficiently for a pulse to be observed 
on an oscilloscope screen. The circuit can also be arranged so 

that each alpha-particle scintillation produces a click in a head¬ 
phone or loudspeaker. 

Sherr S2G has described an instrument that exhibits selective 
lesponse to alpha particles. It employs a zinc sulfide phosphor 
activated by silver as the detection screen. The phosphor is cov¬ 
ered by two thin aluminum foils having a thickness equivalent to 
1 mm of air, which serves to prevent access of light. With this 
arrangement Sherr observed the range of the polonium alpha 
particles to be 3.65 =b 0.05 cm using headphones and 3.70 ± 0.02 
cm with an oscilloscope. Since the mean range of the radiation 
is 3.84 cm, these values indicate that the instrument can detect 
alpha particles with a residual energy of about 0.2 air-cm, which 
represents a marked improvement over visual detection of the 
scintillation. By employing more elaborate electronic equip¬ 
ment and optical focusing of the flash, Sherr believes that it 
should be possible to detect alpha particles with a residual range 
below 0.1 Mev. This scintillation counter, like the nuclear-type 

* Studies by Friedman, Birks, and Gauvin Fir>a indicate that diamond 
specimens that exhibit good pulses transmit ultraviolet light well below 
2536 A. 



SCINTILLATION COUNTERS 35 

emulsions, is relatively insensitive to gamma and beta rays. An 
external source of 1.8 millicuries of radium increased the back¬ 
ground hiss but did not give rise to distinguishable pulses. 

Another type of photomultiplier radiation detector, described 
by Coltman and Marschall, 02 " also responds to less densely ioniz¬ 
ing radiation such as beta, gamma, and x-rays. The lumines¬ 
cence induced by the beta radiation is concentrated with the aid 
oi a spherical mirror onto the sensitive area of the photocathode 
of a multiplier tube. The initial quanta emitted by the phosphor 
aie passed through several stages of amplification until the out¬ 
put pulses are sufficient to operate the amplifier of an oscillo¬ 
scope. Comparative tests on the detection of gamma and beta 
rays and 8-kv x-rays show that the photomultiplier tube is twice 

as efficient as Geiger counters designed for the measurement of 
the particular radiations. 

, The beta-ray pulses have a duration of about 25 microseconds. 
This limits the maximum counting rate to 10 4 beta particles per 
sec. The duration of the pulses induced by alpha particles ranges 
between 1 and 5 microseconds, the period depending on the nature 
of the phosphor screen. It has also been possible to count neu¬ 
trons with this detector by incorporating boron compounds with 
the fluorescent powder. The slow neutrons are captured by B"> 
with emission of alpha particles on disintegration of the com¬ 
pound nucleus. These alpha particles give rise to scintillations 
which generate pulses after suitable amplification.* For pur- 
poses of beta-particle detection the most efficient response is pro¬ 
duced by a Patterson-D x-ray screen, carrying a ZnS-Ag phos- 
plior fluorescing in the blue region. 

Moon »»• has investigated a series of natural and synthetic 
crystals as scintillation media for the counting of ionizing radia¬ 
tion and quanta. Among 28 specimens tested, scheclite, fluorite 
spodumene, AL0 3 , and LiF gave excellent responses. Other 
crystals, including quartz and mica, produced no detectable 
pulses, the remaining materials giving reactions of intermediary 
intensity. Many of the native crystals caused spurious pulses 

by T s !ZtifutZ Cy , 0{ thiS n 7 ,ron - de ‘ ec tion mechanism might be increase,) 
screen If tl 8 i? °‘i Cadmu,tn bo,a,e Phosphors for the zinc sulfide 
tide?',, J P OSph ° rS COllld be sensitized to low-energy alpha par- 

n clei md e r7 y W °" ld ** inCrcased by tllP ^ater abundance of boron 
nu.lei and the absorption of the particles in the phosphor. 
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in the photomultiplier tube owing to residual phosphorescent re¬ 
actions. The pulses were eliminated by chilling with solid CO., 
or destroyed by heating and subsequent cooling in the dark. 

ith these precautions the background count could be reduced 
to the normal level of about 1 per sec. 

In comparing a scheelite crystal with naphthalene, the mineral 
phosphor gave a better response to gamma radiation from Ra, 
but the two materials were equally sensitive to electrons from a 

,, 4- E source. In a comparative test with a G-M counter 

the scheelite crystal proved to be 125 times more sensitive than 
naphthalene as a gamma-ray detector 

Hofstadter finds that alkali halide crystals activated by 
about 0.1 per cent thallium are efficient scintillation counters, 
n a synthetic crystal of Nal-Tl alpha particles produced pulses 
comparable m intensity to those from a ZnS-Ag phosphor. This 
crystal also proved to be a more efficient detector for gamma 
radiation than a clear piece of naphthalene of comparable size. 

t is of interest that Hofstadter secured a measurable photo- 
grapnc blackening by placing the crystals on Eastman-type 
Od-O plates, using a thin quartz intermediary filter, and expos- 
mg to penetrating radiation. Discernible images produced by 
the light in the crystals developed after a 30-min exposure to 
the gamma rays of 1.8 millicuries of Ra kept at a distance of 1 
meter from the detector. Mineral-phosphor screens for the pho¬ 
tographic detection of slow and fast neutrons, proposed by Kall¬ 
mann, are described in the section on neutron radiography, p. 246. 


f 
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Trifles moke 


perfection, and perfection is no trifle. 

J 

—Leonardo da Vinci, 1500 


GENERAL ASPECTS OF SAMPLE PREPARATION 

The methods for the preparation of plane polished surfaces of 
inorganic materials for microscopic study are in general also 
suitable for purposes of autoradiography. The polishing of 
metals and minerals, and the preparation of thin sections of bio¬ 
logical tissues, are highly developed arts. Details are recorded 
m works on metallurgy, K *. petrography, S28 - Ki s and histol- 

0 gy m->° T h e polishing of complete ore bodies containing compo¬ 
nents of extreme degrees of hardness has been the subject of 
considerable study. Techniques have been developd for the 
preparation of specimens with mirror-like surfaces in which the 
soft and hard components reside in the same plane and are essen¬ 
tially scratch free even at magnifications above 500x Perfectly 
polished surfaces of this character, as developed bv the Harvard 
School of petrographers,''- 0 are usually unnecessary for radio- 

graphic study, as the resolving power of the emulsion is seldom 
cqiml to the mechanical definition of the segregates 

In the cutting, mounting, and polishing of radioactive material 
considerable care must be taken to avoid contamination of the 
specimens. The customary concepts of chemical cleanliness are 
not adequate, and a new set of habits must be acquired in order 
that the specimens remain radiochemically unaltered In tracer 
work with radioactive isotopes the routine histological methods 

° f ' 0n an< dehydration may lead to the loss of water-soluble 
materials, and if proper corrective measures are not taken the 
autoradiographic pattern may be fallacious 

The true surface area of the section invariably exceeds its geo- 
netiic aica. The polished surface is the final result of angular 
«>* mgs removed by the abrasive grains. As the grains are made 
successively finer, the depth of penetration diminishes, and the 
number of serrations per unit area increases. Measurements of 

37 
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the absolute surface of metals subjected to different mechanical 
treatments show, from the work of Erbacher,** that the area is 
piactically independent of the size of emery paper used, and that 
)t is about 2.5 times as great as the geometric surface. Hahn H3 
attributes the lower surface-area ratio after polishing to the 


Ratio of Absolute to 

Polishing Process Geometric Area 

Finished with coarse emery 2 49 

Finished with fine emery 2 53 

Finished with precipitated chalk 1.72 

softness of the chalk and to its smaller angular effect in produc¬ 

ing a striation mark. It is also possible that with very fine dry 
abrasives the surface film tends to flow and reduces the number 
of furrows. These considerations on absolute surface area are 
of particular importance in polishing radioactive minerals, as 
the loss of emanations is a function of surface area. Where 
quantitative comparison of activity is to be made among different 
specimens, a standardized polishing procedure must be adhered to 
The common methods of surfacing and polishing using revolv¬ 
ing wheels covered with a slurry of emery are not conducive to 
maintenance of radiochemical purity. Active specimens con¬ 
taminate the metal laps as a result of electrochemical replace¬ 
ments and deposition of radiocolloid aggregates. The usual water 
rinse does not free the lap from radioactive deposits, and there 
is danger of contaminating other samples. Dry polishing papers 

eliminate these difficulties as they are readily discarded after 
eacli operation. 


PREPARATION OF* PLANE SURFACES 

Massive Materials. Metallic samples and firmly coherent rock 
and mineral specimens do not require a preliminary impregnation 
with binding agents. A slab about 5 mm thick and of 4 cm 2 cross- 
sectional area is removed from the sample using a hacksaw on 
malleable material and a diamond wheel on rocks. The cutting 
tools should be specially marked and used on specimens of about 
equal degrees of activity. Contaminants incorporated into the 
surface at this stage are usually eliminated in the preliminary 
stages of dry polishing on emery papers. 



PREPARATION OF PLANE SURFACES 


39 


The rough-surfaced chip should be mounted in a plastic base 
like Bakelite or Lucite. This serves to standardize the dimen¬ 
sions of irregular-shaped chips and is of great convenience in sub¬ 
sequent microscopic examination of the specimen and its pattern. 
The plastic shields the hand from alpha and beta radiation dur¬ 
ing polishing and likewise prevents the registration of these radi¬ 
ations from the sides of the specimen. 

Bakelite molding powder BM 120 is commonly employed. To prevent 
contamination ot the mold and facilitate the removal of the biscuit, a 
disk ot waxed filter paper should be inserted between the steel base plate 
and the specimen. The weight of molding powder is adjusted to yield an 
extrusion of nearly constant, volume. The die is compressed to a pressure 
of 1000 lb per in. 2 , heat is applied, and the pressure is augmented to 3000 lb. 
When the temperature reaches 160° C polymerization is complete. The 
die is chilled with an aluminum jaw-block to about 80° C and the mounted 
specimen is extruded. 

Polishing is effected through the successive use of graded 
“metallographic” emery papers. The specimen is abraded on 
No. 2 paper until the waxed-paper separator is cleared and the 
specimen surface comes to view. This may be performed manu¬ 
ally, supporting the abrasive paper on a sheet of plate glass, or 
a 9-in. square of the paper can be attached to the center of a 
rotating horizontal disk by means of a cap screw and washer. 
Considerable dust is generated at this stage, and the operation 
must be conducted with adequate ventilation. The periphery of 
the paper is not attached, the rotation at 2000 rpin keeping the 
paper flat. The specimen is moved slowly from the center 
towards the periphery using just sufficient pressure to hold the 
specimen against the wheel. When the surface markings from 
the cutting process are obliterated, the abrasion is continued 
using a No. 1 grade paper, holding the specimen so that a series 
of parallel grooves is cut at right angles to the first series. This 
process is continued through successively graded emery papers, 
0, 00, 000, and 0000. In passing from one grade to the next the 
specimen should be cleaned with a dry soft tissue. Any film of 
abrasive adhering to the surface after the last stage is removed 
by gentle rubbing against a sheet of lightly waxed blotting paper. 

^ here a lower temperature is desirable to avoid phase changes 
or possible shattering of hydrated materials the specimen can 
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be embedded in Lueite, or in atmospheric-pressure-setting com¬ 
positions of methyl methacrylate, like Ward’s Bioplastic. Water- 
soluble crystals can be mounted with the aid of paraffin or mon- 
tan wax. 1 ' 10 A solid Bakelite form is molded into a shell as indi¬ 
cated at b in Fig. 5. The roughly surfaced specimen is placed 
on a flat sheet of aluminum, centered beneath the Bakelite shell, 
and the prewarmed unit is filled with molten wax. Low-melting- 
point alloys, as Wood’s metal, m.p. 66° C, are employed advan- 
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Fig. 5. Frame for wax mountings. 

a - Flat aluminum shoot about 1 mm thick. 

b. Plastic sholl or Bakolito scrow cap. 

c. Slab impregnated with wax. 

d. Brass clamping bar with hole for admission Of wax 


tageously in the mounting of hard, thermal-sensitive specimens. 
1 hese methods have permitted the polishing of single crystals of 
CuS0 4 *5H 2 0 grown from saturated solutions of copper sulfate 
after neutron bombardment, and of ammonium bichromate crys¬ 
tallized from a solution carrying polonium. Typical specimens 
mounted for autoradiography are illustrated in Fig. 6. 


Sulfur is worthy ot consideration as a mounting medium for specimens 
of very low alpha-ray activity. The commercial product has a low radio¬ 
activity and is readily purified in the laboratory by sublimation. It has 
been recommended by Epstein E7 as a mounting medium for dental alloys 
and steel specimens. It melts at 120° C, hardens quickly after solidifica¬ 
tion, and is inert to acid etching solutions. Mounting is effected with the 
aid of the frame described in Fig. 5, substituting a filter paper for the thin 
aluminum backing. Dry sulfur does not appear to react with silver halide 
emulsions even after a contact period of one month. 
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Friable Materials. Samples of a porous or crumbly nature re¬ 
quire reinforcement by infiltrated binders to prevent grains work¬ 
ing loose during polishing: 

Place a suitably sized lump of ore or bone in a small beaker and cover 
with a 5 per cent solution of Lucite powder dissolved in acetone. Cover 
with a bell jar and reduce pressure cautiously. When foaming ceases, 
transfer material to a waxed disk of paper and allow solvent to evaporate* 



Etc;. 0. Specimens mounted for autoradiography. 

A. Metals mounted in Bakclite. 

H. ( rystal ot CuS0 4 *5H.,0 embedded in montan wax and supported by 
screw-cap frame. 

C. Copper-ore section impregnated with wax and molded in Bakclite. 

slowly at room temperature. When the outer coating hardens the unit is 
placed in the die and molded in either Lucite or Bakclite. After prelimi¬ 
nary abrasion on No. 2 paper, examine exposed surface for complete im¬ 
pregnation. If loose grains are evident, cover the surface with a layer of 
Lucite solution, infiltrate under reduced pressure, dry, bake for several 
hours at 100° C, and continue with the polishing. 

An alternative procedure, advisable in the sampling of large 
lumps, is to impregnate superficially with Lucite solution and to 
allow the mass to dry on a rectangular board about 1 cm thick. 
W hen the solvent has evaporated, drip molten montan wax over 
the specimen until it is covered and attached firmly to the wooden 
support. Cut into slabs about 5 mm thick, remove wooden slats, 
trim slabs to fit die, wash, and wipe dry. Films of adhering wax 
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do not interfere with subsequent mounting in Bakelite. In the 
absence of hydraulic mounting equipment, or where it is desir¬ 
able to avoid high pressures, the slabs can be mounted in a Bake¬ 
lite shell or bottle screw cap as shown in Fig. 5: 


Assemble the press with the specimen centered in place and warm on a 
hotplate until the wax surrounding the slab begins to melt. Place on level 
board, fill screw cap with molten wax, using a medicine dropper, and allow 
to solidify. Remove aluminum backing (a) by warming momentarily on 
a hotplate. Polish as described in the section entitled Massive Materials. 
The supply of montan wax was obtained originally from I. G. Farben Ind. 
and is now no longer available. Domestic montan waxes exhibit a minute 
sluinkage on solidification and, though satisfactory as impregnants, are not 
serviceable for mounting in screw caps. . Halowax 2025 furnished by the 
Halowax Corporation, New York City, is satisfactory both as an impreg- 
nant and as a mounting medium. It melts to a mobile fluid at about 

110 C. The vapors ot this chlorinated hydrocarbon are somewhat toxic, 
and the wax should be liquefied under a hood. 


It is occasionally advantageous to examine the specimen by 
tiansmitted as well as by reflected light. Also, in beta-ray auto¬ 
radiography the pattern is more sharply delineated by using a 
thin polished section. The Canada balsam commonly employed 
as a cementing medium produces pseudophotographic effects. 
Glycol phthalate provides a satisfactory mounting medium for 
thin rock sections. Details of the method are described by Ken¬ 
nedy K7 in the preparation of thin ore sections on wet emery- 
charged laps. To avoid radioactive contamination the grinding 

y on small squares of plate glass which 
are reserved for specimens of different levels of radioactivity, 
or preferably are discarded after use: 


A parallel-faced slice about 3 mm thick is cut and surfaced with grade 
600 Carborundum. Place the dry specimen and a glass slide side by side 
on a sheet of brass and warm to about 120° C. Run a stick of the thermo¬ 
plastic over the hot slide so that a thin la\ r er melts onto it. Center the 
polished surface over the melt, pressing out air bubbles, and allow to cool. 
The chip is thinned in three stages, first in a slurry of F-Carborundum 
until it is reduced to about 60 microns, followed by 600-Carborundum on a 
separate glass plate until it reaches a thickness of 35-40 microns. The final 
stage of grinding is effected on a glass plate charged with 600-Alundum. 
Polishing is done on duck cloth by means of stannic oxide. Further details 
on the specialized technique of thin-rock-section preparation are described 
by Head. 1119 
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In the study of the distribution of incorporated radioisotopes 
in alloy melts, thin metallic sections can be prepared by the 
methods developed in the field of x-ray microradiography by 
Zimmerman 27 and McCutcheon: M21 

Flat samples about 5 to 10 mm thick are removed by hacksaw cuts and 
one surface is polished as usual. After molding in Lucite, with the un¬ 
prepared surface facing outward, the specimen is turned down in a lathe 
by cuttings parallel to the interior polished face until a slab about 0.3 mm 
remains. The unit is now polished by hand, starting with grade 0 paper, 
until the thickness is reduced to about 120 microns. If the specimen should 
loosen in the Lucite before this stage is reached the thin disk is remounted 
on a rubber stopper with the aid of Cenco label vainish and the reduction 
in gauge continued. The foil-like specimen is removed from the Lucite 
mounting by beveling of! the surrounding edge of plastic and prying with 
the aid of a razor blade, or chilling on Dry Ice. Cutting tools should be 
tested tor activity after use and properly marked. Filings and turnings 
aie collected in a tray and should not be* allowed to remain in the instru¬ 
ment shop. These operations are best conducted in a separate room so as 
to avoid contamination of machinery in the main shop. 

An alternative procedure for the preparation of thin metallic foils is given 

by McCutcheon M21 A parallel-faced slab of the specimen about 2 mm 

thick is polished on one face and mounted on a flat steel disk with de- 

Khotinsky ( * emon b The opposite face is then filed down to about 0.3 mm. 

The thin disk is removed with the aid of alcohol, transferred to a No. 9 

rubber stopper, and caused to adhere with a thin layer of rubber cement. 

It is then abraded down on fine emery paper until it is about 25 microns 
thick. 

Biological Tissues. After embedding of the fixed and dehy¬ 
drated tissue in paraffin, the microtome-surfaced block is in many 
iaspects identical with the polished inorganic sections mounted 
in plastics. The study of ingested alpha-ray-emitting elements 
as radium, polonium, and plutonium is facilitated by direct con¬ 
tact of the faced block against a nuclear-type emulsion. Com¬ 
parison of the developed alpha-ray pattern with the tissue struc¬ 
tures is effected with the aid of an adjacent stained thin section. 
In the study of macro segregations in whole organs this simple 
procedure is particularly effective, as the embedded massive tis¬ 
sue suffers but little distortion in cutting and usually exhibits 
better definition of macro structures than a radiograph from a 
tlun ribbon section. The surface of the block must be perfectly 
dry to avoid fixation to the gelatin of the emulsion. Clamping 
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is unnecessary, as a slight pressure on the block causes the paraf¬ 
fin to adhere to the plate. 

In the preparation of tissue for autohistoradiography it is 
important to employ methods which retain water-soluble salts 
and minimize their migration by diffusion processes. The radio¬ 
isotopes of the heavy metals, like RaF, Ra, ThC, and ThX, have 
a tendency to form radiocolloid aggregates (see Chapter 6) which 
are strongly adsorbed on the walls of capillary structures or 
precipitate as organometallic complexes in the tissue. There is 
little danger of losing these particular constituents following 
routine histological procedures of tissue staining. The synthetic 
radioactive isotopes of the elements of low atomic number do 
not have as marked a tendency towards aggregation. On contact 
with water, tagged compounds such as Na L »HP :i -0 4 , KI 131 , or 
Na 24 Cl, are very likely to be lost or dislocated from their in vivo 
site of deposition. 

The identical problems occur in the preparation of tissue for 
the study of the deposition of total ash content in plant and 
animal sections by the microincineration method. These meth¬ 
ods, developed by Policard P26 and studied in great detail by 
Scott 814 and Gersh, G1 ° also offer a desirable experimental ap¬ 
proach for historadiographic studies. Indeed, the microincinera¬ 
tion method itself is worthy of consideration as a working tool, 
as it offers the possibility of obtaining individual radiographs of 
systems containing multiple radioactive tracers. Thus, if an ani¬ 
mal is injected with a mixture of radiocarbon and radioiron, the 
radiograph of the original tissue would reveal the location of the 
joint activity, and a print of the microincinerated tissue would 
exhibit the distribution of the non-volatile iron compounds, as 

almost all carbon derivatives are dcstroved in the incineration. 

%/ 

The method also permits the use of thicker tissue sections with¬ 
out loss in definition, as the ashing produces an extremely thin 
film of residual solids. This incineration process concentrates 
the activity, and the removal of all organic matter reduces scat¬ 
tering.'' 17 

The tissues are removed from (lie animal under anesthesia and plunged 
directly into isopenlane chilled hv liquid air. The solid tissue is tram- 
ferred (o a cryostat maintained at —70° C\ and gradually warmed to 
— 32.5° C. At this temperature the ice has an appreciable vapor pressure 
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and the tissue can he dehydrated in an evacuated system. The desiccated 
tissue is then plunged into molten paraffin and infiltrated under reduced 
pressure. The tissue blocks are embedded and prepared for cutting in 
the routine fashion. Sections are placed on clean, dust-free slides and 
pressed down with the ball of the thumb. For purposes of microincinera¬ 
tion no fixative is necessary. Details of the method are described by Scott 
in McClung’s Handbook of Microscopical Technique M'*' 

A simplified technique for the microincineration of plant tissue is de¬ 
scribed by St ruck ineyer. S4r * The tissue is fixed for 24 hours in a mixture 
of 1 part of formaldehyde and 9 parts of absolute alcohol. Dehydration 
is effected by several changes in absolute alcohol. The plant tissue is 

cleared in xylol, infiltrated with paraffin, and cut into sections 15 microns 
1 hick. 

Elaborate combustion trains are not essential for tbe preparation of 
Rood nueroincinerated sections. A crucible-typo muffle furnace is adequate 
il lined with Monel metal to equalize the temperature and to prevent frag¬ 
ments of the ceramic from falling on the tissue. The slides are placed in 
the cold muffle, and the current is adjusted so that a maximum tempera- 
lure of 400° to 500° C is achieved in about 3 hours. Combustion is then 
complete, and the slides arc removed about 2 hours later when the tempera¬ 
ture drops to about 30“ C. Original tissue structures can be recognized in 

the resultant spodogram when the slides are examined under dark-field illii- 
initiation at magnifications up to 200X- 

For purposes of autoradiography the thin sections should he 
freed of paraffin by immersion in xylol and reimpregnated with 
a dilute solution of Parlodion so as to produce a protective film 
about 1 micron thick. The extraction of the paraffin prior to 
exposure is not essential, but it permits more effective contact 
"'I'h thc emulsion. The Parlodion film is also a protective 
measure against fogging by pseudophotographic agents. Care 
must be taken to avoid contamination of the ribbons. Separate 
microtome knives should be used on paraffin blocks containing 
high and low concentrations of radioelements. Certain elements 
polonium, for example, are likely to deposit electrochemi- 

CaMy 0,1 ,he stci '‘ knlfc - Adapters for standard razor blades are 
convenient m sectioning highly active blocks, as the blades can 
be discarded after cutting. 

T bin sections ol such hard tissues as teeth and bone can be 
prepared by grinding the fixed and infiltrated organs, treating 
the material as a friable inorganic solid. Special methods for 
cutting undecalcified bone for purposes of autoradiographic study 
are described by AxelrodStandard procedures involving 
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decalcification by acid washing cannot be employed, as the in¬ 
organic tracer atoms are washed out along with the calcium. 

In a noteworthy advance in technique described by Belanger 
and Leblond Blr> a layer of emulsion is poured on the stained 
section and the autoradiograph becomes an integral part of the 
slide. This greatly simplifies the microscopic localization of the 
radioactive areas, as the image and the tissue are always in 
point-to-point correlation, and each is brought into view by 
proper focusing. The method is somewhat laborious as the emul¬ 
sion layer has to be prepared by remelting commercial dry plates 
and applying the fluid to the tissue under red-light illumination. 
An alternative procedure yielding excellent results with tissues 
carrying alpha-ray-emitting elements was developed by Endi- 
cott. E4 Here advantage is taken of the poor light sensitivity of 
nuclear-type emulsions and their selective response to alpha 
radiation: 

The tissue ribbon is floated off alcohol onto a 1 X 3-in. length of East¬ 
man NTA plate, dried, and stored in a desiccator for a suitable exposure 
period. The paraffin is extracted by xylol, and the plate with the adherent 
tissue is developed in D19 for 2 min, rinsed in water, fixed for about 30 min 
in F5, washed, and dried. The tissue is then stained with the aid of Dela- 
field’s iron-hematoxylin for 2 min, washed in tap water for 5 min, de¬ 
hydrated in 3 changes of acetone, cleared in 1:1 acetone-xvlol and in 3 
changes of xylol. A drop of xylol-clarite is placed on the tissue, and the 
preparation is covered with a glass cover slip. The characteristic alpha- 
particle tracks reside in the plane of the emulsion, and by focusing upwards 
the superimposed tissue is brought into view. The method permits reso¬ 
lution of radioactive structures at 1000X magnification. 

A similar method was developed independently by Evans E16 
for the localization of radioiodine in tissues. The ribbon is super¬ 
imposed on a portion of lantern-slide plate which after exposure 
and development is stained and examined at low power for 
blackening produced by the beta radiation. Evans’ improved 
procedure E17 is as follows: 

The thin section is spread in a petri dish on water at 42° C. When the 
ribbon is smooth the small dish is placed in a large bowl of cool water illu¬ 
minated with a red light and the section is floated onto a 2 X 2-in. Lantern- 
Slide plate. After 24 hours, when the unit is dry, the paraffin is removed 
with xylol and the exposure is continued for a sufficient period as indicated 
by a Geiger count. After development, fixation, and washing the plate 
is stained with Harris’ hematoxylin solution by the following route: 



17 


PREPARATION OF PLANE SURFACES 


Overstain —> wash —> acid water —> wash —> alkaline water —» wash —► coun¬ 
terstain with eosin. The stained preparation is dehydrated in alcohols, 
cleared in xylol, and mounted in clarite or balsam. Evans cautions on the 
use of ferric alum as a differentiating agent after hematoxylin staining, 
as the reagent reduces the intensity of the silver deposit. Its application 
is serviceable only when the photographic image is too dense from over¬ 
exposure. The developed silver grains in nuclear-type emulsions are par- 
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Courtesy of 8. R. Pelc 
Ho. 7. Localization of radioiodine in unstained tissue. Example of strip¬ 
ping-film technique autoradiography described by Pelc. Contrast phase 

microscopy; 35X magnification. 

ticularly sensitive to acid solutions owing to their fine state of division. It 
is good practice to test the staining solutions for silver solvents by running 
a trial alpha-ray-exposed emulsion through the staining procedure. 

Another useful modification of these techniques involves the 
adhesion of a thin film of dry stripping emulsion to the tissue 
section. The stripping emulsion consists of a layer of emulsion 
on an extremely thin coating of cellulose base which can be 
peeled readily from the temporary glass or plastic backing. In 
the method described by Pelc »* 7 a 2 X 2-cm portion of emulsion 
is stripped off the special backing and floated on water with the 
Slde that formerly adhered to the support facing upwards. After 
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a few minutes the slide carrying the section, freed from paraffin, 
is slipped underneath the water-stretched emulsion, and the unit 
is dried in a dust-free air stream. The developed autoradiograph 
depicts minute radioactive inclusions with great clarity, as shown 
in Fig. 7, and a resolution of 3 to 5 microns can be attained. The 
Ilford Halftone dry stripping film employed by Pelc necessitates 
the use of special “subbed” slides in order to secure good adher¬ 
ence of the emulsion to the tissue and glass. The structure of the 
underlying tissue is delineated with the aid of contrast-phase 
microscopy, as it is difficult to stain the tissue through the re¬ 
sidual film of gelatin. 

In an alternative procedure, devised independently by Endi- 
cott and Clark, E5 the prestained section is covered with Duco 
cement diluted 1:20 with ethyl acetate, and the cellulose side of 
the stripping film is pasted onto the tissue. After proper expo¬ 
sure the unit is developed and fixed as usual. The intermediary 
waterproof film of cement prevents discoloration of the stained 
tissue. Though this protective film introduces a small loss in 
resolving power, it is advantageous in preventing the diffusion 
of water-soluble radioactive constituents and minimizes pseudo¬ 
photographic effects on the emulsion. It also permits the use of 
more varied staining methods, as the tissue is not acted on by the 
developing and fixing reagents. 


Nuclear-type emulsions are also available on stripping-film supports. 
These can be employed advantageously in studying the localization of 
alpha emitters in conjunction with Endicott’s prestaining technique. Care 
must be taken that the intermediary layer of Duco cement does not exceed 
5 microns, to avoid absorption of short-ranged alpha particles. 


PREPARATION OF THIN FILMS 

Quantitative measurements on the rate of disintegration are 
effected by measuring the ionization produced by the radiation 
escaping from thin weighed deposits of the sample. Because of 
the short range of alpha particles in solids the film must be espe¬ 
cially thin so that a large fraction of the particles ejected from 
it will have sufficient residual energy to activate the detection 
apparatus. For the measurement of energetic beta particles and 
gamma radiation, an extra thin powder sample is not essential 
as the radiations spend comparatively little energy in the source. 
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1 ho beta particles emitted in the decay of C 14 , however, have 

upper energy limits of only 0.15 to 0.17 Mev, and the use of thin 

uniform films is desirable in its exact assay. 

» 

In the quantitative determination ot the rate of alpha-particle 
emission with nuclear-type emulsions it is especially important 
that the sources be thin and uniformly deposited, as the longer 
the recorded track length the more readily is the event discerned 
microscopically. I lie following is a summary of proven methods 
of thin film preparation. The Parlodion ignition method is of 
comparatively recent origin,' 17 and preliminary tests indicate 
that when applicable it is the most reliable with respect to uni¬ 
formity and controlled thickness. 

Sedimentation Method. This method, initially described by 
McCoy in 1905, consists in grinding an approximate weight of 
powder with a volatile organic liquid and depositing the suspen¬ 
sion onto a preweighed support. After drying, the exact weight 
per unit area is determined by difference. Using chloroform or 
alcohol as suspension fluids McCoy M10 was able to make films 
of U 3 0 8 having a thickness of 0.5 micron. Essentially similar 
methods were employed by Bolt wood in measurements on the 
decay rate of radioactive mineral fractions, and by Rutherford 

o t tt constants of uranium 
and thorium. Evans 1:14 has improved on the method by provid¬ 
ing a circular well with a thin rubber gasket above a weighed 
aluminum disk, so that the solid can deposit on an area of fixed 
dimensions. A layer of alcohol is placed in the well, and the 
finely ground suspension is poured onto the aluminum. The 
alcohol is evaporated in an electrically heated balance case con¬ 
tinuously flooded with radioactively dead nitrogen. Powder 
films ot circular cross section can also be deposited with the aid 
of frame A illustrated in Fig. 8. 

The deposits prepared by these methods have adequate adher¬ 
ence hut must be handled with care and cannot lie placed in 
direct contact with emulsions. The films are usually deposited 
uniformly, except at the periphery, where the capillary forces 
tend to drag the suspension and produce an appreciable piling. 
On rare occasions, possibly owing to the condensation of atmos- 
phene moisture, the film reticulates, and the preparation must 
be repeated. For samples in radioactive equilibrium and produc- 
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ing emanations Evans suggests the use of a thin covering film of 
cellulose acetate in order to retain the radon and thoron. 

A rectangular-shaped source is preferable in measuring track 
populations on nuclear emulsions. The shape facilitates track 


I'k;. 8. Apparatus employed in tbin-film preparation. 

Iiont. Micro mortars of mullite and agate for grinding powders wit 

<lhei. I lie fines are transferred by suction tubes into graduated evlinde 
on right. 

tenter. Circular (/l) and rectangular (/?) frames for evaporation o 
suspensions. In the Parlodion method the glass slide ((7) is supportot 

% insulating layer of cork. 

Rear. Solvent evaporation is effected beneath bell jar, whose mouth if 
covered by a disk of filter paper. 


counting in conjunction with the standard two-directional me¬ 
chanical stage. Using ether as suspension fluid, numerous trials 
on diverse compounds like uranium oxide, beryl, zinc beryllium 
silicate, and a manganese dioxide carrier demonstrated that uni¬ 
form deposits can be obtained with the aid of a rectangular 
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trough (item B, Fig. 8). It is important to have a 2-mm layer 
of ether in the trough, and the suspension must he poured un¬ 
hesitatingly in one continuous stream. If the last drop hanging 
from the lip of the cylinder falls after the major stream is deliv- 
eied, the uniformity ol the film is disturbed. Surrounding the 
frame with a bell jar is essential to the technique as it prevents 
aii cunents from disturbing the sediment, and the surrounding 
atmosphere of ether minimizes condensation of moisture. The 
weight of the deposit is invariably less than that of the powder 
introduced into the mortar, and a 20 per cent allowance for loss 
should be made when aiming at a film of specified thickness. It 
is good practice to pipette the ground suspension into a tube, 
allowing the coarse particles to settle in the mortar, and to pour 
the well-shaken fines into the trough. Evaporation of the ether 
is completed at room temperature in about 2 or 3 hours. 

When perfect film uniformity is not essential those methods can he 
simplified by grinding the powder to a pasty consistency and painting 
the suspension on a weighed backing with the aid of a small hair brush or 
a dab of cotton. The suspension can also be deposited on paper by filtra¬ 
tion processes. Confined spot-test papers employed in microchemical pro¬ 
cedures *4.8 are particularly convenient, as aqueous suspensions can be 
employed and the confining ring embedded in the paper serves as a micro- 
lunnel. Details of this semiquantitative spot-test technique are described 

by Feigl.t« 

Electrolytic Method. Though the quantity of sediment intro¬ 
duced into the suspension can he reduced indefinitely, a point 
is reached, when the film weighs about 0.5 mg per cm 2 , where 
t ie sedimentary deposit ceases to be uniformly thin. It is diffi¬ 
cult to grind powders much finer than about 10 microns, and 
effort expended in that direction is usually offset by recoales- 
eenee and clustering of the fine particles into large-sized aggre¬ 
gates during subsequent manipulations. The clumps cause in¬ 
ternal absorption of alpha particles, and introduce other compli¬ 
cating factors which are difficult to allow for, on purely geometric 
considerations, in the equations correlating film thickness with 
disintegration rate. In making absolute determinations of decay 
constants, as m the work of Schiedt ™ on the disintegration rate 
oi uranium, resort is made to eleetrolytieally deposited films. 

An ignited platinum foil of known weight is connected to the cathode 
on a base plate confined by a glass cylinder carry,ng the electSpt 
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cially constructed electrolytic cells are described by Schiedt s* and also 
by Francis.™ Russell 1115 describes an electrolyte suitable for the deposi¬ 
tion of about 100 mg of uranium. An equivalent amount of uranyl ace¬ 
tate is dissolved in 125 ml of water acidified with 0.1 ml of 30 per cent 
acetic acid. The solution is warmed to 70° C and electrolyzed for 6 hours 
using a current of 0.04 ampere per 100 cm-’ of cathode surface. 

Francis ™ dissolves 10 mg of radiochemically purified U 3 0 8 in dilute 
nitric acid, evaporates the solution to dryness, and redissolves the uranyl 
nitrate in 2.25 ml of 1 N acetic acid, 2.0 ml of 1 N NH 4 OH, and dilutes the 
mixture with 15 ml of ethyl alcohol. A 7-cm platinum disk serves as 
cathode, and a rotating spiral of platinum wire is employed as anode. The 
electrolyte is maintained at 60° C with the aid of a microflame. The alco¬ 
holic medium favors the deposition of adherent films. 

The uranium is deposited as I T 3 0 8 -3Hi>0, which can be ignited to a com¬ 
pound whose composition approximates U 3 O s . In studies aiming at utmost, 
accuracy the exact weight, of the uranium must be determined, at the con¬ 
clusion of the activity measurements, by suitable microchemical analyses. 
Hecht H2 ° has devised a method for the microgravimetric determination 
of uranium oxide films based on its resolution in nitric acid and conver¬ 
sion of the uranyl nitrate to the 8-hydroxvquinoline derivative. 


Electrolytic methods described by Haissinskv no are also ap¬ 
plicable to the preparation of thin sources of polonium, radium D, 
ladium C, and thorium C, and possibly to certain transuranium 
metals. 1110 The deposition is effected electrochemically without 
the aid of an external electromotive force by rotating disks of 
copper (for RaF), nickel (for RaEl, or silver (for RaC) in elec- 
tiolytes of proper acidity. It is convenient to mount the metal 
disks in Bakelite and to polish the surface prior to elcctrodeposi- 
tion of the radioelement. 

Volatilization Methods. A\ hen samples of the pure metal arc 
available, exceptionally thin films can be prepared on backings 
of glass, mica, or collodion by passing a heavy current through 
a wire or fragment of the metal and allowing the vapor to con¬ 
dense in an evacuated system. Films of this sort are essential 
in accurate measurements of alpha-particle ranges 112 and in 
preparing deposits for scattering experiments.* An apparatus for 
volatilizing polonium and collecting the deposit on a minute 
area has been described by Rona. 118 The method is serviceable 


*A spot-test method for estimating the quantity of metal deposited on 
unit area of backing has been devised bv Yagoda and is described briefly 
in the studies of Cox and Chase c2r> on the scattering of electrons by 
aluminum. 
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in preparing intense alpha-particle sources for experiments re¬ 
quiring collimated beams. 

Parlodion Ignition Method. In the course of measurements on 
the decay rate of uranium Y14 a method was devised for the prep¬ 
aration of extra-thin uniform films of uranium trioxide, which 
shows promise of development into a method of fairlv general 
utility: 

A weighed quantity of radioeheinieally purified I'^Os is converted to 
uranyl nitrate, which is dissolved in absolute alcohol and transferred quan¬ 
titatively to a volumetric flask. An aliquot of this solution is mixed with 
a 1 per cent solution of Parlodion dissolved in equal volumes of ether and 
alcohol, adjusting relative proportions so that the weight of the solute 
and the cellulose nitrate compound are about equal. A clean 2x3 in. 
slide is supported on a level cork platform as illustrated at (' in Fig. S. 
beneath a bell jar, and 1.00 ±0.05 ml of the solution is delivered to the 
center ol the slide. After evaporation of the solvents, a thin film of the 
mixed solids is produced, the Parlodion inhibiting marked migration of 
the uranyl nitrate towards the edges of the plate. The dry slide is placed 
in a cold muffle and the temperature is raised slowly to about 500° C 
until the cellulose nitrate is burnt off. Parlodion is a particular cellulose 
nitrate ester which does not burn with explosive violence. 

Whin the weight of uranium is appreciable (1 mg per cm 2 ) the cold 

residual film has a yellow color indicative of the formation of UO 3 . The 

film is strongly adherent but can be scratched off the glass by a decided 

effort. As the quantity () f metal is reduced, the film loses its yellow 

color and exhibits interference colors typical of monomolecular oil films 

on water. Uniform films, weighing 5X 10-» g per cm-, which emit alpha 

particles at the rate of only 50 per cm- per day, have been prepared by this 
method. 

These films can he placed in direct contact with the photo¬ 
graphic emulsion without danger of portions adhering to the 
gelatin. 1 he quantity deposited can he controlled accurately 
within the limits of volumetric error. The method avoids grind¬ 
ing in mortars with the attendant danger of contamination 
Careful measurements show that these films also exhibit an edge 
effect produced by migration of the solute during the evapora¬ 
tion, which must he corrected for in experiments of extreme ac¬ 
curacy. The method is seemingly applicable whenever the ni- 
tiate compound is soluble in absolute methyl or ethyl alcohol. 
When very thin films arc desired, the solubility of even “insol¬ 
uble” nitrates is usually adequate in providing sufficient solute 
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The method has been applied successfully in the preparation of 
thin films of UO3, Th0 2 , Sm 2 0 3 , and mixed rare-earth oxides. Y17 

Mass-Spectrograph Films. Mass spectrographs which operate 
with crossed magnetic and electric fields bring accelerated ions 
of given mass, charge, direction, and velocity into focus on a 
photographic plate. If the direction and velocity of the beam 
are maintained within narrow limits, a line spectrum is obtained 
in which each band corresponds to a given ratio of atomic mass 
to charge. Radioactive isotopes can be differentiated from stable 
ones by exposing the collector plate against an emulsion of suit¬ 
able sensitivity. After development the images on the collector 
plate exhibit the location of all isotopes, and the radioactive ones 
are designated by corresponding blackening on the autoradio¬ 
graph. The method is proving a useful tool in determining the 
mass number of beta-ray-emitting isotopes, a description of 
which is presented in Chapter 11. 

In an allied method, the alpha particles emitted from an exter¬ 
nal source are sorted out by means of a powerful magnetic field 
so that those of different energy enter the emulsion and record 
tracks along separated bands. Under these conditions the emul¬ 
sion serves as an alpha-particle counter for estimating the rela¬ 
tive number of particles of different initial velocity of emission. 
This method has been applied successfully by Chang 010 in stud¬ 
ies of the alpha-particle spectra of polonium and radium. The 
fine structure of the alpha spectrum of protoactinium has like¬ 
wise been investigated by Rosenblum. 1122 

When the alpha particles from a thin source are analyzed spectro- 
graphically the principal body of monoenergetic particles produces a visu¬ 
ally discernible line on the developed nuclear emulsion. Microscopic 
examination of the adjoining areas establishes the presence or absence 
of minor alpha-particle groups of energy different from the main group. 
Under conditions of steady magnetic field strength the half-width of the 
main line is less than 0.5 mm, corresponding to an energy resolution of 
about 0.01 Mev. A speetrographic analysis of the magnetically deflected 
alpha particles emitted by polonium shows that every million particles 
of 5.303 Mev are accompanied by a total of 717 particles of lesser energy. 
These fall into 12 groups differing in energy from the main body by 0.190 to 
1.618 Mev. 

During long exposures in an evacuated system the gelatin is desiccated 
and the emulsion tends to crack and peel away from the backing. Chang 
finds that this can be minimized by coating the edges of the plate with 
collodion solution. Peeling can also be reduced by incorporating a 
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plasticizer in the emulsion prior to vacuum exposure.' Y18 The plate is 
bathed for about 15 min in a 5 per cent solution of glycerine in water. 
After drying at normal pressure in dehydrated air, the imbibed non¬ 
volatile glycerine inhibits cracking of the emulsion layer under reduced 
pressure. Cotton ( -•* has observed that as a result of camera evacuation 
and loss ot water the stopping power of the emulsion is altered bv about 

v 

2 per cent. In making precise track-length measurements the calibration 
curve must be constructed from tracks of known origin recorded in emul¬ 
sions that received the same drying treatments as the experimental plates. 

Dry Adhesion Films. Satisfactory thin films for alpha-par¬ 
ticle counting can he prepared by dusting the dry powder onto 
a tacky basis, such as “Scotch tape.” The weight of the deposit 
is dependent on the density and particle size of the powder and 
its mode of application. For a large number of carrier prepara¬ 
tions the saturation pickup by the adhesive is in the range of 
0.5 to 2.0 mg per cm 2 , which provides a convenient method of 

thin film preparation suitable lor routine activity measure¬ 
ments. 

A cardboard frame about 0.5 mm thick and of the same external dimen¬ 
sions as the photographic plate is provided with a rectangular window 
measuring 2x5 cm. This frame is pressed onto a sheet of flat Scotch 
tape, and the unit is weighed to ±0.1 mg. The exposed tacky surface is 
covered with a layer of the finely divided powder. Excess powder is 
shaken off by tapping the backing until all loose particles are dislodged. 
Any residual bare spots can be covered by applying a second layer of 
powder and repeating the process. Particles which adhere to the card¬ 
board frame are wiped off with a dab of cotton, and the unit is reweighed. 

These films are not as uniform or compact as the ones made 
hy the ether sedimentation method, but the procedure is rapid 
and minimizes contamination by its modest demands on auxiliary 
apparatus. In its application to ignited precipitates even the use 

0f a mortar can oft en be avoided by the addition of filter-paper 
pulp to the precipitate just before its filtration. This results in 
a finely divided ignition product which falls to a loose powder 
on being rubbed with a microspatula against the walls of the 
crucible. The manipulation of the dry powder creates dust par¬ 
ticles, and care must be taken to avoid its inhalation and its 
settling on the laboratory equipment. The operation should be 

conducted under a hood, the bench being covered with a separate 
paper liner for each sample. 
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Preparation of Scintillation Screens. As is well known, pure 
zinc sulfide will not fluoresce under ultraviolet light, and the 
compound will serve as a phosphor only when traces of certain 
metals are incorporated in its crystal lattice. The presence of 
activating metallic ions is also essential for the production of 
scintillations by incident alpha particles. The most brilliant 
flashes are produced when the activator is copper, present in 
about 0.01 per cent of the zinc content. Specially activated zinc 
sulfide preparations are available from the Hammer Laborato¬ 
ries, Denver, Colorado. The material phosphoresces strongly 
after exposure to sunlight, and once the screens are prepared they 
should be stored in the dark in order to avoid a luminous back¬ 
ground at the time of observation. 

The powder consists of crystals ranging between 5 and 50 mi¬ 
crons, and Rutherford 1120 recommends that a fraction between 
20 and 30 microns be separated by suitable screening. The size 
of these coarse crystals corresponds to the range of RaC' alpha 
particles in the phosphor, but when applied as a thin film the 
screen has numerous voids whose area must be corrected for in 
quantitative counting. The early workers M2 secured the zinc 
sulfide to the glass backing with the aid of a tacky film of Can¬ 
ada balsam. A more uniform preparation results by depositing 
the phosphor directly onto the glass, employing the sedimenta¬ 
tion method described in the section entitled Preparation of 
Thin Films. 

To prepare a screen of 5-em 2 area, suspend about 15 mg of the phos¬ 
phor in 2 to 3 ml of ether, and pour the mixture into the circular well, 
Fig. S, A, framing the glass slide. On evaporation of the solvent, an ad¬ 
herent uniform film results, uncontaminated b\' binding matter. A more 
durable screen can be prepared by precoating the glass with a thin layer 
of gelatin. A portion of plate from which the silver compounds have been 
removed by bathing in sodium thiosulfate, washing, and drying is satis¬ 
factory. During the evaporation of the ether traces of moisture soften the 
gelatin and the zinc sulfide grains become embedded superficially. 

EXPOSURE AND PROCESSING OF EMULSIONS 

Radiographic Cameras. The basic camera for clamping a pol¬ 
ished section against an emulsion is described in Fig. 9. In con¬ 
structing these units it is convenient to standardize on 3-in.- 
length plates, as these fit the standard mechanical microscope 
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stage. Individual plates are readily identified by scribing on 
the gelatin with a steel needle. Wood or aluminum should be 
avoided as construction materials as they tend to fog certain 
beta-ray-sensitive emulsions. Certain plastics, such as Lueite, 
are particularly advantageous because of their low content of 
radioactive impurities. 

The nuclear-type emulsions employed in alpha-particle expo¬ 
sures (NTA or C2) have an extremely low sensitivity to lioht, 
and the camera can be assembled in a room illuminated with a 



I'lc. 9. Basic camera for exposing polished sections. 


a • Plastic fiame. 

b. Centering frame. 

Cotton or sponge-rubber pressure equalizers, 
d. Clamping plate. 

c. Emulsion. 


yellow or amber light. A frosted 25-watt bulb mounted in a 
wide-mouth amber glass bottle makes an excellent lamp. Its 
ig it should be diffused by a surrounding envelope of tissue 
Paper. Orthochromatic plates or x-ray film, emploved in beta- 
iay autoradiography, must be handled with a red safety lamp 
1 he assembled camera is kept inside a Bakelite box, or one con¬ 
structed oi wood impregnated with paraffin. In exposures of 
long duration, a dish of anhydrous calcium chloride should be 
placed in the box as the persistence of the latent alpha-ray image 
is prolonged by reducing the moisture content of the air In 
exposures exceeding one day it is advantageous to store the 
camera in a desiccator kept in a refrigerator at about 5° C. 

In exposures of long duration lacquered iron cans, like 1-lb pin e - 
obacco containers, provide convenient miniature darkrooms. The thin 

' " uII - s facilitate heal transfer when the earns are removed from the 
ref.igerator before development. After exposing samples of high emm.l 

>ng power therein, the cans should be discarded. 
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In counting alpha particles from strong sources, brief, ac¬ 
curately timed exposures must be made. These are facilitated 
by the use of the special plate holder described in Fig. 10. The 
glass slide carrying the source is placed inside a snugly fitting 
box into which the plate holder fits loosely. The thin ribs on 



Fig. 10. Plate holder for exposures at a fixed distance from source. The 
frame has outside dimensions of 2 X 3 in. The machined elbows A are 0.5 
mm thick and support the plate measuring: Hi X 3 in. with the aid of set 
screws B. The bottom of the frame is ground flat and rests on a 2 X 3 in. 

glass slide carrying the rectangular-shaped source. 


the plate holder prevent direct contact of source and emulsion, 
and contact and separation can be effected with a timing uncer¬ 
tainty of ±2 sec. 

Development and Fixation. Emulsions employed in beta-ray 
autoradiography usually do not require special processing, and 
the specifications for the development of the optical image are 
directly applicable. When the radioisotope decays by gamma 
emission, only a small fraction of the incident radiation is ab¬ 
sorbed by the emulsion. The low activation is compensated for 
by the use of coarse-grained emulsions and by overdevelopment. 
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According to Barrett 1>,<> excessive fog is prevented in the over¬ 
development of x-ray film activated by gamma radiation by the 
addition of 20 mg of potassium iodide per liter of Eastman x-ray- 
film developer. At 18° C development may thus be prolonged 
up to 10 min without appreciable increase in background fog. 

Investigations by Pclc n indicate that background fog in bota-rav 
autoradiographs can be reduced by developing the emulsion for 10 min at 
18° C by means of ferrous oxalate. The developer is composed of two 
solutions and is prepared prior to use by pouring 20 ml of B, with rapid 
stining. into 70 ml of component A. 

A. Dissolve 120 g of neutral potassium oxalate in warm water and dilute 
to 500 ml. 

B. Dissolve 120 g of ferrous sulfate crystals in warm water, acidify with 
1.5 ml of concentrated sulfuric acid, and dilute to 500 ml. 

The nuclear-type emulsions develop satisfactorily in clon-hy- 
droquinone developing solutions. The temperature of develop¬ 
ment between 18° and 25° C is not critical for purposes of 
autoradiography. Tracks whose latent image suffered partial 
fading as a result of delayed development are rendered develop¬ 
able with increase in temperature of the bath. M -° Using the old 
Eastman Fine Grain Alpha plates it was found that reproducible 
photographic density of visual alpha-ray images could be ob¬ 
tained only by warming the developer to 32° C. Eastman NT A 
emulsions of current manufacture develop satisfactorily at 20° C 
Fog and artifacts are diminished by cleaning the glass developing 
dish frequently and filtering all processing solutions before use! 
The composition of the solutions recommended by Eastman and 
Ilford for the development of their respective nuclear-tvpe emul¬ 
sions are as shown. These stock solutions arc stable for long 


Water warmed to 50° C 
Elon 

Anhydrous sodium sulfite 
Hydroquinone 

rous sodium carbonate 

Potassium bromide 
Dilute with water to 


Eastman D19 

2 liters 

8.8 g 

384 g 
35.2 g 
192 g 

20 g 

4.0 liters 


Ilford ID 19 
2 liters 

8.0 g 

300 g 
32 g 
148 g 

20 g 

4.0 liters 


periods of time when stored in brown bottles at a low tempera- 
Uire It is good practice to use small-sized fresh portions of 
prenltered solution for each plate developed. 
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After development the plate is rinsed in distilled water for 
about 1 or 2 min and fixed in a bath of either Eastman F5 or a 
30 per cent solution of sodium thiosulfate crystals. The nuclear 
emulsions carry unusually large quantities of silver bromide 
whose removal necessitates a 30- to 60-min fixation period. The 
wet plates appear opalescent even after complete solution of the 
s.lver bromide. The turbidity probably results from the voids in 
the residual gelatin formed on extraction of the silver salts, as, 
after washing and drying, the gelatin layer clears. 

In the study of cosmic radiation it is advantageous to employ 
exceptionally thick emulsions. These plates are from 50 to 200 
microns thick and present unusual difficulties both in the develop¬ 
ment and fixation steps. In order to secure uniform depth devel¬ 
opment it is often necessary to preswell the gelatin to facilitate 
access of the developer to the deepest grains. Fixation is expe¬ 
dited by the use of continuous mechanical rocking devices. The 
methods of processing have not been standardized and must be 
modified in accordance with the sensitivity of the emulsion and 
the objectn es ot the exposure. Tracks of low grain density, 
such as those of mesons, are made more readily visible by over¬ 
development. This, however, increases the size and clumping of 
the developed grains in the tracks of protons and alpha par¬ 
ticles, rendering their differentiation more difficult. The follow¬ 
ing procedures are representative of good experimental practice 
in the depth development of thick nuclear emulsions: 


Method I: The Ilford C2 and the Eastman XTA plates with coatings 
up to about 100 microns are processed in the following steps: 

(а) Keep lor 15 to 30 min in 1 volume of D19 stock diluted with 
4 volumes ol water at 20° C, with continuous agitation. 

(б) Wash in running water for 5 min. 

(c) I'ix in 30 per cent sodium thiosulfate until plate appears clear. 

(c/) Complete fixation and harden by a 15-min treatment in a bath of 
Eastman F5. 

(e) Wash and dry. 

Method II: The Eastman Research Laboratories recommend the follow¬ 
ing procedure for their 100-micron-thick NTA and XTB plates. Preswell 
the emulsion in water at 80° to 85° F for 10 min. develop immediately for 
10 min in full-strength D19 at room temperature, and then continue with 
stops (6) to (c) as described in Method I. 

Method III: The preswelling in water involves the danger of weakening 
of the latent image, particularly if dissolved air is present in the bath. 
This is avoided by soaking the plate in water containing 0.5 ml of D19 per 
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100 ml for 10 min at 2S° C. Development is then completed as in Method 
II. Appreciably better track differentiation is secured by continuing the 
development of the preswollen emulsion by Method I. 

Method IV: The Bristol investigators D1G aim at uniform depth de¬ 
velopment by saturating the plate with a cold developer and then instigat¬ 
ing chemical action by warming the bath: 

(a) Cover the plate with a shallow layer of developer (1 part D19 -f 1 
part water) chilled to 5° C, agitating occasionally during a period of about 
30 min. 

( b) Transfer the glass developing tray to a water bath at 20° C. and 
add 2 parts of water at 15° C. The tray is agitated slowly for about 10 
min to produce uniform mixing and temperature equilibration. When 
the solution reaches 20° C development is continued without agitation for 
25 min. 

(c) Transfer the plate to an acid stop bath containing 1 to 2 per cent 
acetic acid at 15° C, and agitate for about 25 min. 

(d) Rinse in water at 15° C for several minutes. 

(e) Fix in 40 per cent by weight of sodium thiosulfate with an addition 
of 25 ml per liter of Eastman hardener solution until plate clears. With 
continuous agitation at 20° C fixation is complete in about 1 hr when the 
coating is 100 microns thick. This period increases rapidly with emulsion 
thickness, and 5 hr are necessary when the plate is 300 microns thick. 

(/) Wash for 4 hr in cold water. Dry the plate by placing it horizontally, 
emulsion side up, in a tube through which air is blown at 27° C. 

(<•/) Remove surface layer of amorphous silver by rubbing with a xvlol- 
dampened chamois skin. 

Method V: An alternative method for the development of 200-micron- 
thick plates is described by Blau and De Felice. 1 *-"' 1 Surface development 
is avoided during penetration of the gelatin by omitting the alkali from 
the solution; reduction of activated grains is then instigated by means of 
an extra-alkaline solution ot elon and hydroquinone. 

Solution A: elon 1.1 g. Xa 2 SO ;{ 24.0 g. hydroquinone 4.4 g. KBr 2.0 - 
diluted to 2 liters. 

Solution B: 400 ml ol Eastman D19 stock diluted with 1600 ml of wafer 
and fortified by an additional 16 g of Na.,CO r 

(a) Soak plate in water at 20° C for 10 min. 

(5) Transfer to solution A and agitate occasionally for 30 min. 

(c) Transfer to solution B and maintain at 20° C for 30 min without 
agitation. 

(,d) Complete processing as described either in steps c to / of Method IV 
or steps b to d of Method I. 

Owing to the unusually thick layers of emulsion and the 
stronger development, Methods I to V produce an exceptionally 
high fog background, and the plates cannot be examined satis¬ 
factorily under dark-field illumination. For purposes of auto¬ 
radiography and track counting from external sources thinner 
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emulsions of 25 to 50 microns are adequate, and a superficial 

development (2-3 min in D19 at 20° C) is satisfactory. When 

counting tracks in loaded emulsions complete depth development 

is essential and Method I is recommended, reducing the time in 

the developer to 15 min when employing the thinner-type emul¬ 
sions. 

Van der Grinten V17 has suggested a new approach to the devel¬ 
opment of nucleai-type emulsions aiming at a developed grain 
size proportional to the degree of activation imparted to the 
sihei biomide grains. This technique, designated grain grada¬ 
tion, pioduces a thin track when the emulsion is traversed by a 
particle of low specific ionization, and tracks comprised of larger 
and more opaque silver grains result from a greater density of 
ionization. In a private communication Van der Grinten recom¬ 
mends the following method for the development of Ilford B1 
plates: 

Method VI: Develop for 10 to 20 min at 60° to 70° F, in a freshly 
prepared solution containing 0.5 g hydroquinone, 10 g Na 2 S0 3 , 0.5 g KBr, 
and 1.0 g KOH per liter of distilled water. 

This method has been applied successfully by the author in the devel¬ 
opment of alpha, triton, and proton tracks in the Ilford C2 and B2 and 
the Eastman NTA emulsions of current manufacture. In 50-micron 
plates development is complete throughout the entire depth, the fog 
background is low, and the plates are readily examined by dark-field 
illumination. V ith this developer formula the tracks of protons are rather 
thin, suggesting that meson particles may not record recognizable tracks. 
Examples of grain gradation development are represented by Figs. 58 and 
62, Chapter 12. By extending the period in the bath to 30 min and in¬ 
creasing its temperature to 20° C 100-micron-thick plates develop uni¬ 
formly and the tracks of protons and mesons are more readily evident. 
The stronger development, however, also augments the size and number 
of the background fog grains. It is noteworthy that this simple hydro¬ 
quinone developer does not cause the deposition of loose surface silver 
films, which are often produced when Ilford plates are developed with 
the more powerful D19 formula. The method is also applicable in the 
development of emulsions 200 microns thick by the following modifica¬ 
tion : Y18 

Method VII: Immerse the plate for 1 hour in the grain gradation de¬ 
veloper chilled to 8° C. Add small portions of fresh solution at about 
25° C until the tray and contents are brought to 20° C and maintain at 
this temperature for 15 to 30 min, depending on the desired track dis¬ 
crimination. Siphon off the developer, and rinse the plates with two 
changes of distilled water, rocking the tray gently for about 3 min between 
rinsings. Cover with 30 per cent sodium thiosulfate and rock until clear 
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(about 3 hours). The gelatin is then hardened by a 30-min treatment 
in Eastman F5 fixing solution. \\ ash in filtered running cold tap water 
(if chlorine-free) or in distilled water for 3 hours. Rinse for 10 min in a 
bath containing 1 per cent glycerine and 0.1 per cent of an aqueous wet¬ 
ting agent. Drain thoroughly and allow to dry slowly with the plate 
supported in a horizontal position. The thick layer of dry gelatin tends 
to peel under conditions of low humidity. The glycerine incorporated in 
the last water rinse prevents cracking of the gelatin film, but to insure a 

permanent preparation the edges of the plate should also be painted with 
shellac. 

Tins method is not applicable to emulsions loaded either with heavy 
metals or compounds such as lithium borate which exert a buffering action 
on the developer. The hydroxyl-ion concentration is depleted by precipi¬ 
tation of metallic hydroxides, and the surface deposits of these gelatinous 
compounds mlnbit diffusion of fresh developer. Loaded plates develop 

more satisfactorily with elon-hydroquinone solutions as described in 
Methods I to III. 

Washing is effected in a slow stream of filtered tap water. A 
glass tube filled with alternate layers of absorbent cotton and 

Sa " d P T' ldes * n a<ler luate filter. The plates are set lengthwise 
with gelatin sale up in a horizontal snug-fitting glass tube, anti 
the filtered water is allowed to flow for about 1 hour. The plates 
are drained and supported in a large cabinet containing a dish 
of calcium chloride. Exceptionally thick emulsions can be dried 
more effectively by replacing the imbibed water with alcohol 
arising the plates successively for about 2 min in 25, 50 75 anti 
9o per cent ethyl alcohol. It is usually unnecessary to protect 
lie dry geiatm with a cover glass. In measuring grain spacing* 
with oil-immersion objectives, the oil can be removed without 

chloride"^ ^ g ° aU " l>y " niner * in S the plate in carbon totra- 
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A flexible system of microscopic illumination suitable for the 
observation of both macro images and individual alpha-particle 
racks is illustrated in Fig. H. A 6-volt ribbon-fi.lment lamp 

™ ,untcd n g ld ly on a common base with the microscope at a 
.■.stance of about 18 in. from the mirror. The lamp should be 
provided with an adjustable spherical lens L and a variable 

wffh aTt , A l0ng : f ° Cal - length Abbe condenser provided 

ential stop F is satisfactory for low-power dark-field 
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illumination and will also give satisfactory performance with 
bright-field illumination at higher powers by simply removing 
the central stop. To achieve maximum resolution in conjunction 
with Kohler illumination a second condenser with a numerical 


I. Dark-field Illumination n . Kohler Illumination 



Fig. 11. Illuminating systems employed in nuclear emulsion microscopy. 

I. Dark-field illumination by means of a central stop in the substage 
condenser. Stop F is standard with most biological-type microscopes. A 
differential color stop F' which produces a green image of the tracks on a 
dim red background can be improvised by painting a film of red semi¬ 
opaque lacquer on the center of a thin glass disk and tinting its periphery 
with a transparent green lacquer. The method employs achromatic ob¬ 
jectives of 21 and 44X magnification. The aperture of these lenses should 
be reduced either by a variable-iris diaphragm or by insertion of washers. 

II. Standard Kohler illumination for use in conjunction with 40X fluorite 
or 100 apochromatic objectives. G 1 is a gray-tinted filter for reducing 
light intensity, and G 2 is a green filter for toning color of field. 

aperture comparable to that of the objective should also be avail¬ 
able. 

After the optical system is properly centered, open D to full aperture 
and focus image of filament by means of L onto diaphragm B of the Abbe 
condenser. To secure dark-field illumination insert central stop F and 
focus with a low-power objective on tracks in emulsion E. Adjust to 
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optimum brilliance by manipulating condenser C, tilting mirror slightly 
until entire field is uniformly illuminated. In plates where the fog back¬ 
ground is not excessive the tracks will appear silver bright on a black 
background. By employing central stop F' other differential color contrasts 
can be obtained which are useful in securing adequate illumination for co¬ 
ordinate nets or scales set in the ocular. Dark-field illumination is ad¬ 
vantageous only when the emulsion is less than 50 microns thick. 

To switch to bright-field illumination remove the central stop, place a 
drop of non-hardening oil on the slide, and lower an apochromatic ob¬ 
jective into the oil. Reduce the lamp diaphragm D to about 2 mm, focus 
on a track, and adjust condenser C so that the image of the light orifice is 
also in sharp focus. Open D slowly until the entire field is uniformly 
illuminated. If this light proves too brilliant, lower the voltage on the 
lamp, or absorb some of the light by a grav-tinted polished glass filter G\ 
When the gelatin layer is exceptionally thick, the condenser C \< best 
adjusted so that the image of D is in the same focal plane as the par¬ 
ticular track under study. This is essential only to secure optimum illu¬ 
mination for purposes of photomicrography, and one median plane setting 
is adequate for track-counting purposes. 

Examination of Macro Images. The autoradiographic pattern 
is a mirror image of the radioactive inclusions in the polished 
surface. In correlating the blackening with the segregates, the 
plate is inverted gelatin side down, in order to match points 
Images that outline the shape of visible inclusions are readily 
correlated by inspection at low magnification. At higher mag¬ 
nifications, in excess of 100x, photomicrographs of identical areas 
facilitate comparison and interpretation of results. Illumination 
of opaque sections of metals and ores is effected by reflected 
light. Annular illumination, exhibiting the segregates in their 
normal colors, is aided by the use of long-working-distance ob¬ 
jectives but limits the magnification to about 150x. Better 
resolution is achieved by means of vertical illumination. Trans¬ 
parent tissue and rock sections are examined by transmitted li»ht 

and are readily compared with the radiograph either under bright- 
or dark-field illumination. 

The execution of two exposures on the same plate often facili¬ 
tates the quantitative interpretation of the pattern. One expo¬ 
sure is made of sufficient duration so that a dense, well-defined 
image develops. At the termination of this exposure the speci¬ 
men is moved a precise distance, without rotation, to an adja¬ 
cent collmear portion of the emulsion and exposed briefly so that 
onl\ a small number of tracks from each segregate are recorded. 
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After the location of a particular structure in the visual image, a 
measured translation of the stage brings the identical, briefly 
exposed area into view. By inserting a disk with a ruled net in 
the ocular, and counting the tracks, the alpha-ray activity of 
individual segregates can be evaluated accurately. When the 
segregates have appreciable dimensions the two exposures can be 
made with the aid of the basic camera shown in Fig. 9. When 
the stiuctures are very minute, as in the estimation of the activity 
of 1 adiocolloids, the dual exposures must be made on a frame 
constructed with great mechanical precision, and only the follow¬ 
ing procedure has proved practical: 


Replace the microscope objective with an extension collar filled with 
modeling clay. Insert a slide in the mechanical stage, and orient the 
polished section. Lower the microscope tube so that the clay makes 
contact with the specimen top and holds it securely. Bring the assembly 
into a darkroom, elevate the specimen about 7 cm above the stage, and 
i cplace the slide with a nuclear-type emulsion. Place a sheet of paper 
near the plate, lower the specimen close to it, remove the paper, and 
complete contact with emulsion by means of the vernier adjustment. At 
the completion of the first exposure, raise the specimen about 1 mm, 
reinsert the paper, and translate the mechanical stage a precisely measured 
distance sufficiently long to clear the initial image. Remove the paper, 
reestablish contact, and expose for from 15 to 30 min. When the developed 
plate is replaced in tlie same microscope stage corresponding areas on the 
two images can be located with a precision of ±0.1 mm. The micro¬ 
scopic appearance of two collinear exposures of a radiocolloid is exhibited 
in Fig. 24, p. 125. 


Microscopy of Single Tracks. At magnifications exceeding 
100X, individual tracks of the more energetic alpha particles 
become discernible. For quantitative track counting, magnifica¬ 
tions above 500X are essential. Dark-field is preferable to 
bright-field illumination as it reduces strain during prolonged 
counting. Adequate illumination is secured with the Abbe con¬ 
denser fitted with a dark-field stop. A 44x dry objective pro¬ 
vided with a variable-iris diaphragm is employed. In the ab¬ 
sence of this special lens the aperture can be reduced by placing 
metal washers inside the objective. A 15X ocular fitted with 
disks delineating a measured area of the emulsion by a centrally 
located slit completes the optical system. 

Track length, grain spacing, and dip are measured microscopi¬ 
cally at magnifications in excess of 1000X using high-resolution 



MICROSCOPY OF RADIOGRAPHIC PATTERNS 


07 


oil-immersion objectives and oculars fitted with engraved linear 
scales. The grain structure of tracks produced by particles of 
different ionizing power, as protons, alpha particles, and fission 
fragments, is differentiated by transmitted light. In nuclear- 
type emulsions the grain diameter and grain spacing are only a 
small traction of a micron, and an optical system of high resolv¬ 
ing power is essential for their accurate measurement. Bv em- 

k/ 

ploying a blue filter transmitting light of 4800 A, a 1.4 N.A. con¬ 
denser in conjunction with an 1.3 N.A. 90x apochromatic objec¬ 
tive, and a 12.5X compensated eyepiece, Demers I>!) attained a 
resolving power of 0.24 micron. A film of oil must be placed 
between the condenser and the glass backing and also between 
the gelatin and the objective lens. 

Powell and Championdescribe a microscope fitted with a vertical 
vernier-micrometer depth gauge for measuring the dip of tracks in the 
emulsion. By making suitable correction for the shrinkage of the gelatin 
(see Chapter 12) after fixation and drying, the measurement permits the 
reconstruction of the original track orientation in the dry emulsion. 
Other methods of defining the spatial orientation of tracks based on the 
use of universal stages are described in the work of Zhdanov Z1 and 
MyssowskyM37 Martin and Wilkins Mia describe a special stereoscopic 
camera which makes it possible to measure directly the lengths and angles 
irom a true scale reconstruction of the original tracks. Microscopes 
fitted with special precision stages are available commercially as illus¬ 
trated in Fig. 12. These have micrometer screw feeds which facilitate 

range measurements, particularly of long tracks that extend over several 
fields. 

The exploration of exceptionally thick emulsions is rendered 
difrieult by the small working distance and limited depth of focus 
of the commonly available refracting objectives. These difficul¬ 
ties have been circumvented by means of a reflecting objective 
designed by Burch."™ According to Feld,™ at the highest mag¬ 
nification the reflecting microscope has a working distance of 5 
mm, which is about 25 times greater than that of refracting 
objectives of comparable magnification. ^ 

Bates and Occhialini “•» describe several interesting applica¬ 
tions of thick nuclear emulsions rendered practical by the reflect¬ 
ing microscope. The instrument can focus through the 1-mm 
glass backing and permits the observation of tracks in the gelatin 
ayer. This inverted mode of observation is often useful in ob¬ 
serving details of a nuclear evaporation which are obscured bv 

%J 
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Courtesy of R. )'. I'erner Co., Itoston, Massachusetts 

Img. 12. Nuclear research microscope. 

A - Milometer screws for controlling the movements along the a* and y 

a xe.>. These can he read to 0.005 mm and facilitate measurement of long 
t racks. 

B. The fine-focusing adjustment is graduated in 0.001 mm. It is em¬ 
ployed in making depth measurements along the z axis. 

( . I rotractor ocular, graduated in degrees, can be read hv a vernier to 
15 min. 

D. Built -in illuminating system. 
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the center portion as viewed by normal microscopic methods. 
The instrument also permits the simultaneous examination of 
two emulsions which have been exposed face to face. Ionizing 
particles which leave the emulsion of one plate can thus be fol¬ 
lowed into the second plate: 

Register is secured by marking the sandwich with a grid photographed 
by x-rays before development. The writer has found that register can 
also be effected by drawing a line over one of the emulsions, prior to 
dual exposure, either with a needle coated with polonium, or a pen using 
uranium or thorium solutions as ink. On completing the sandwich the 
upper plate will carry an autoradiograph of the infected scratch line. 
These internal lines also provide alpha-particle tracks whose grain density 
is useful as a measure of the extent of fading during prolonged cosmic- 
ray exposures. After development the plates are cemented together with 
the aid of a film of Clarite or dammar. Owing to imperfect contact and 
alignment, corresponding portions of a track may appear displaced by 50 
to 100 microns. However, in multiple events with a common center, such 
as alpha stars or nuclear evaporations, the component parts of the trajec¬ 
tories are readily matched by their directional correspondence and equality 
of dip. The sandwich can be assembled and examined with the aid of a 

21X refracting objective, which provides adequate working distance, but 
the resolution is poor. 

The reflection microscope should also prove useful in the joint 
examination of thin stained sections with their autoradiographs 
and facilitate the search for individual alpha-particle tracks in 
emulsions to which the stained tissue section is secured perma¬ 
nently. As a variation on the dual-contact exposure Powell and 
Rosenblum PS0 separate the two plates so that there exists a 
measured gap which can either he evacuated or he filled with a 
gas ot known composition. The unit can he exposed between the 
poles of a magnet, and as in the analogous method with the 
cloud chamber the magnetic deflection of the light particle travers¬ 
ing the air gap serves as a measure of its mass. 

In a magnetic deflection method of track study described bv 
Barbour I, -’ n the use of special reflection objectives is avoided by 
employing thin glass plates, both faces of which are coated with 
emulsion. The double coating equalizes the stresses produced 
by the gelatin permitting the use of supports 50 to 150 microns 
tlnck. The thin plates can be examined by means of refracting 
objectives of high numerical aperture. 
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The photomicrographic reproduction of long tracks in thick 
nuclear emulsions is also beset with technical difficulties. Since 
the tracks rarely reside in a single plane, small portions of the 
trajectory must be photographed and the individual portions 
assembled as a mosaic. In order to secure optimum conditions 
of resolution for each component the condenser should be ad¬ 
justed for optimum illumination at each focal setting. The 
preparation of mosaics is facilitated by the technique described 
by Morrison and Pickup. 3148 The image is projected onto a 



Centimeters 

Fig. 13. Collimated alpha-particle source. 

а. Palladium wire with polonium deposited on polished tip and cemented 
into standard taper serological tip. 

б. Source collimated with cutoff blood needle. Full-energy alpha particles 
are recorded by conducting the exposure in a vacuum. 

c. Standard taper coupling. 

horizontal surface with the aid of a prism and mirror system. 
Each track is recorded on a strip of film in a holder fitted with 
two slides which can be moved to expose short successive inter¬ 
vals. Each portion is brought successively into focus on the top 
surface of one of the opaque slides, and the image is then allowed 
to activate the film. 

POINT SOURCE OF ALPHA RADIATION 

A source of polonium alpha particles serving many useful func¬ 
tions in the calibration and study of nuclear-type emulsions can 
be assembled, as shown in Fig. 13. The following procedure is 
designed especially for minimizing contamination of the labora¬ 
tory : 

Coat a palladium wire 1 cm long and 1 mm in diameter with hot sealing 
wax, holding the wire vertical so that a globule of wax collects at one end. 
Abrade the globule on emery paper until the metal is exposed, and con¬ 
tinue polishing until the surface is scratch free. Insert the opposite end 
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of the wire in the rubber eraser of a lead pencil, and support (he unit 

above a 30-ml cone flask containing about 5 ml of water. Bubble a slow 

stream of hydrogen through the water, and, when a steady rate free from 

spattering is attained, deliver 2 ml of a polonium solution in concentrated 

hydrochloric acid having a strength of about 1 millicurie per milliliter. 

Lower the pencil so that the polished surface of the palladium wire and 

its protecting side coat of wax is submerged below the level of tlie liquid 

A saturation electrochemical replacement film of polonium will deposit 
in about 30 min. 

Stop gas flow, remove pencil, and wash wire with water. Using forceps 
insert the wire in a standard taper metallic serological tip, as shown in’ 
I'lg. 13, a. Droplets of Duco cement applied to the cork base and the 
mouth of the adapter secure the wire in place. Some polonium is ad¬ 
sorbed by the wax coating during immersion. Scrape the wax away with 
a sharp razor blade mounted in a handle of suitable length. The resultant 
deposit is a close approximation to a point source of monoenergetic alpha 
radiation. It ,s collimated by simply slipping a blood-drawing needle 

o' 01 th ® ^ an,lanl ta r >rr j° lnt supporting the wire. Since these needles 
are available in a variety of bores and can be cut to any desired length. 

neai y parallel alpha-particle beams of varying intensity are readily ob¬ 
tained When not in sendee the source is covered with a long needle 
lesened for the purpose, and should not be left covered bv calibrated 
collimating tubes in order to avoid their contamination bv creeping To 
avoid contamination of the hands an,I laboratory, the pencil employed 
as a support m the? plating: process should bo incinerated. 

The polonium can be isolated from uranium minerals, or can 
e extracted from old radon needles with acid. The simplest 
procedure, however, is to order a 10-millicurie solution from the 
Canadian Radium and Uranium Corp„ which recovers the ele¬ 
ment routinely in working up pitchblende for radium.* The 
absolute strength of the source is determined bv covering the 
deposit with a collimator needle having a measured boro", of 
about O.o min and a length h from tip to source of 10 mm I n - 
.bnc the needle at about 45° with the plane of the emulsion and 
make a series of exposures, varying the time from 10 sec to 3 min 
bach exposure ,s confined to an elliptical area, and the track 
population in some one of the exposures may he convenient for 
counting. Photograph this complete elliptical area at 200 X 

Zl: iTw” ' • n "'f - «* "esativc, or ™ 

estimate by viewing it on a projected screen. 
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From the precise values of a, h, and k = y/a 2 -f /i 2 , the num¬ 
ber of alpha particles emitted per square millimeter of source 
N o can be computed from the track count C with the aid of the 
first terms of equation 6, as derived by Kovarik: K20 



AA hen employing a tube with the precise dimensions erf 0.50 and 
10.0 mm for a and h , respectively, equation 6 evaluates to 
A () = C/0.000495. By recording the date of the exposure, the 
strength of the polonium source A r after the elapse of t days can 
be computed from the decay law, .V = A r 0 e“ 00051 b 

In reviewing this chapter for omissions of pertinent techniques 
it was noted that, though considerable preparatory work is to be 
performed by the biologist, chemist, and petrographer before the 
exposure can be made, there are no troublesome tasks for those 
who employ the emulsion in the study of cosmic radiation. At 
one time these experimentalists had to be adept at mountain 
climbing, but since the routine event of prolonged high-altitude 
flights by airplanes and ascension to even greater heights by 
balloons and rockets, this invigorating technique is no longer of 
scientific interest. The enviable freedom from laboratory detail 
recalls a statement, once read in a source long forgotten, whose 
substance is that science has its caste system , with the mathe¬ 
matician seated like a brahmin on the apex of the scientific pyra¬ 
mid. He looks down contemptuously at the chemist and physicisL 
and they in turn are united in the relegation of experimentalists 
in the less exact sciences to the pariah class. If the burden of 
detail involved in the solution of a problem be an index of caste 
classification, this laborious chapter appears to be proof of the 
existence of the pyramid. 



Chapter 4 • ALPHA-PARTICLE PATTERNS 

ON NUCLEAR EMULSIONS 


Juxt ui s- a waterfall, instead of talcing one plunge into a lake , may 
cascade m a series of successive leaps from pool to pool on the way 
down, so a radioactive element like radium passes in its change 
through a long series of intermediate bodies, each produced from 
the one preceding and producing the one following. 

—Frederick Soddv, 1922 


PROPERTIES OF ALPHA PARTICLES 

The naturally occurring elements of atomic numbers S3 to 92 
have unstable isotopes which decay with the emission of a mas¬ 
sive nuclear fragment termed an alpha particle. This disintegra¬ 
tion product has a mass of 6.6442 X 10-« g. carries initially a 
double positive charge, and, when it is slowed down by en¬ 
counters with atoms of the medium it traverses, reverts to a 
neutial atom of helium with a chemical atomic weight of 4 00^8 
The alpha disintegration of an element of mass M and atomic 
number Z results in the production of a daughter atom of mass 
number M - 4 and atomic number Z - 2. The spontaneous 
reaction is cxoergic, and the energy is shared between the alpha 
particle and the newly created recoil atom. Since the mass of the 
alpha particle is small compared with that of the recoil fragment 
it is accelerated with the bulk of the disintegration energy. The 
energy liberated in the spontaneous decay of heavy nuclei ranges 

ietween 4.2 and 9 Alev. The alpha particles are ejected with 
initial velocities about that of light. 

The alpha particle and the recoil atom separate in opposite 
directions and traverse a characteristic distance known as their 
range. The range is measured in standard dry air at 1.5° C and 
1 atmosphere pressure. Because of the discontinuity of the mat¬ 
ter traversed, alpha particles of identical energy do not invariably 
have identical ranges. Small variations will be observed depend 
mg on the number and varieties of atoms encountered’ and the 
amount of work expended in traversing their electronic orbits 
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Table 2. Alpha-Ray-Emitting Elements Present in Minerals * 


Energy 


Branch¬ 

ing 

Atom Ratio 

» 

Z 

A 

X sec 1 

r 

Mean 

Range, 

cm 

15° 

in Mev 

Re- 

Alpha coil 

UI 

1 

92 

238 

4.86 X 10~ 18 

4.51 X 10 9 y 

2.65 

4.20 

0.06 

UII 

1 

92 

234 

9.43 X 10~ 14 

2.33 X 10 6 y 

3.21 

4.67 

0.09 

Io 

1 

90 

230 

2.65 X lO” 13 

8.3 X 10 4 y 

3.09“ 

4.59 

0.08 

Ra 

1 

88 

226 

1.38 X 10~ u 

1590y 

3.26 

4.79 

0.09 

Iin 

1 

86 

222 

2.10 X 10~ 6 

3.825d 

4.05 

5.48 

0.10 

RaA 

1 

84 

218 

3.79 X 10-* 

3.05m 

4.66 

6.00 

0.11 

RaC 

1 0.0004 

83 

214 

2.34 X 10~ 7 

• • 

4.0 

5.48 

0.10 

RaC' 

) 0.9996 

84 

214 

4.61 X 10 3 

1.5 X 10 -4 s 

6.91 

7.68 

0.15 

RaF 

1 

84 

210 

5.73 X 10~ 8 

140d 

3.84 

5.30 

0.10 

AcU 

1 

92 

235 

3.11 X 10~ 17 

7.07 X 10 8 y 

3.0 

4.52 

0.08 

Pa 

1 

91 

231 

6.86 X 10~ 13 

3.2 X 10 4 y 

3.57 6 

5.06 

0.10 

RdAc 

1 

90 

227 

4.26 X 10“ 7 

18.9d 

4.60 

6.00 

0.10 

Ac 

0.01 

89 

227 

1.63 X IO” 11 

C 

3.5 J 

5 

0.1 

AcX 

1 

88 

223 

7.18 X 10~ 7 

11.2 d 

4.29 

5.72 

0.10 

An 

1 

86 

219 

0.177 

3.92s 

5.67 

6.83 

0.12 

AcA 

1 

84 

215 

3.78 X 10 2 

1.83 X 10- 3 s 

6.46 

7.37 

0.14 

AcC ) 

0.9968 

83 

211 

5.3 X 10~ 3 

2.16m 

5.36 

6.61 

0.13 

AcC'J 

0.0032 

84 

211 

139 

0.005s 

6.52 

7.44 

0.14 

Th 

1 

90 

232 

1.58 X 10“ 18 

1.39 X 10 10 y 

2.60* 

4.1 

0.07 

RdTh 

1 

90 

228 

1.16 X 10~ 8 

1 -90y 

4.00 

5.42 

0.10 

ThX 

1 

88 

224 

2.21 X 10“ 6 

3.64d 

4.32 

5.68 

0.10 

Tn 

1 

86 

220 

0.0127 

54.5s 

5.00 

6.28 

0.12 

ThA 

0.9999 

84 

216 

4.38 

0.158s 

5.64 

6.78 

0.13 

ThC 1 

0.337 

83 

212 

6.4 X IO -5 


4.73 

6.04 

0.12 

ThC'l 

1 

84 

212 

2.3 X 10 6 

3 X 10“ 7 s 

8.57 

8.78 

0.17 


* Recent measurements indicated below are probably more accurate than 
the data in the table. 

a The range of ionium alpha particles is 3.110 cm (Joliot-Curie J4 ). 

6 The alpha spectrum of protoactinium has a principal line at 3.511 cm, 
with minor components at 3.23 and 3.20 cm (Tsien T22 ). 

c The half-life of actinium measured by Joliot-Curie J3 ranges between 
21 and 21.7 years. 

d The principal group of actinium alpha particles has a range of 3.46 cm 
(Gregoire and Percy c ’ 23 ). 

e Measurements by Faraggi 12 indicate that thorium alpha particles have 
a range of 2.43 dt 0.03 cm. 

As a result of straggling the average of a large number of range 
measurements is the defining entity, which is called the mean 
range of the particle. The magnitude of the mean range for the 
alpha particles emitted in the decay of members of the uranium, 
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actinium, and thorium series is recorded in Table 2 together with 
other pertinent properties of these nuclear projectiles. 

The number of disintegrations 8 is proportional to the number 
of atoms of the element present in the system. The disintegra¬ 
tion constant A is simply a ratio expressing the number of atoms 
decaying per unit time to the total number of parent atoms in the 
system, i.e., A = 8 X. During the decay of an isolated radio¬ 
element the number of disintegrations per unit time becomes less 
as the stock pile of parent atoms diminishes. It A o represents 
the number of atoms at some initial time, then the number of 
atoms .V which remain undecayed after a time t is expressed by: 


•V = X {) e 




(7) 


As the element decays, a time comes when only half the original 

number of atoms remains unaltered. This time T is known as 

the half-life of the element, and it is related to the decay con¬ 
stant by: 


\T = 0.(>93 


( 8 ) 


The magnitude of the half-life varies enormously from element 
to element, being only 10~ n sec for ThC' and 4 X 10 18 sec for 
samaiium. In no other field of physical measurements is so 
extensive a gamut encountered. In a given mass, any one atom 
may exist unchanged for an interval varying between zero and 
infinity. However, the “average atom” has a statistical life 
expectancy 0 which is numerically equal to the reciprocal of the 
decay constant. In a series of radioactive elements the range 
of the alpha particles emitted by the several members is related 
to the rate ol disintegration by an empirical relationship, 


log R = a log A + b (9) 

known as the Geiger-Nuttall law. 

Precise modem measurements on the mean ranges of alpha particles 
show that the velocity of emission is seldom of a purely monoenergetic 
character, and that, in general, the alpha particles from a given element 
Show a spectrum whose energy levels are often associated with the 
gamma-ray spectrum accompanying the decay of the atom. Thus for 

""L , Phi ; PaHi<lrS f,om RilC ” of "»rmal range 6.91 air-em there 

emitted with a range of 9.00 cm. Likewise, in the decay of ThC' 

ieie aie 31 particles of 9.69 air-cm range and 190 of 11.54 air-cm for every 
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million alpha particles of mean range 8.57 air-cm. The last group of 
rare alpha particles represents the most energetic nuclear projectiles 
available from natural sources. In the decay of certain elements as 
RdAc the number of abnormal alpha particles constitutes a large fraction 
of the total, but the fluctuations in range amount to only a few per cent. 
For most purposes of radiochemical computation the range of the alpha 
particles emitted by a given radioisotope is represented with adequate 
precision by the weighted average of the several components. 

Old unaltered radioactive minerals constitute a complex sys¬ 
tem of radioisotopes which are classified into three principal 
radioactive series. The members of the uranium, actinouranium, 
neptunium, and thorium series are represented graphically in Fig. 
14 showing their genetic relationships. Solid circles • denote 
decay by alpha-particle emission, O a beta-ray transformation, 
and © nuclei which exhibit branching and decay by emission 
of both alpha and beta particles. Members of the same column 
aie isotopic and cannot be separated from each other by ionic 
chemical reactions. Of the radioactive elements only uranium 
and thorium are available in sufficient abundance in minerals for 
their direct determination by the usual analytical procedures. 
The other radioelements can be separated as isotopic groups, or 
pleiads, as termed by Fajans, F1 by coprecipitation on an insoluble 
compound of an homologous non-radioactive element. 

In a state of radioactive equilibrium the number of atoms 
produced per unit of time is equal to the number disintegrating 
in the same interval. Since the number of disintegrations 
S = AAT, is follows that: 


AjA i — \ 2 N 2 = • • • A a AT (Id) 

Under these conditions the more slowly decaying members ac¬ 
cumulate in greater abundance, and the very active ones are 
present in proportionately smaller quantities. 

Most radioactive minerals contain both uranium and thorium 
as major constituents, fostering a total of 41 radioactive isotopes 
and three stable isotopes of lead which accumulate as the end 
products of the three chains. Pitchblende and carnotite are 
essentially devoid of thorium; and certain thorium minerals, such 
as monazite, contain only minute amounts of uranium. There 
are no minerals known which contain actinouranium as an exclu- 
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sive primary constituent.* Actinouranium is present in all 

uranium minerals to the extent of 0.719 per cent of the total 
uranium content. 

Knowing the relative abundance of the two principal uranium 
isotopes, UI of mass 238 and AcU of mass 235, and their rates of 
disintegration, the equilibrium quantities of the other members 
of the series can be computed. 

A sample of pitchblende containing 85.4 per cent of U 3 O 8 may 
be expected to contain the following quantities of radium and 
protoactinium, viz.: 

ThRa = 0.854 X 0.848 X 0.9928 X ^ X 10 — X — 

1.38 X 10 “' 1 238 

= 2.40 X 10 -7 g Ra per g 

Ra 2.40 X 10 “ 7 
U ~~ 0.854 X 0.848 

= 3.32 X 10 “ 7 g Ra per g of U (measured 3.38 X 10 -7 ) 

Likewise, the weight of protoactinium in the mineral is computed 
to be: 

3 11 X 10 ~ 17 231 

WPa = 0.854 X 0.848 X 0.00719 X --- X- 

0.86 X 10 “ 13 235 

= 2.31 X 10 -7 g Pa per g 

Pa 2.31 X 10 “ 7 
U 0.854 X 0.848 

= 3.20 X 10“' g Pa per g of U (measured 2.74 X 10~ 7 ) 

These values are in close agreement with the measured quantities 
found in a radiochemical analysis of pitchblende by von 
Grossed ’ 6 

Complete equilibrium is attained only after the elapse of an 
infinite period of time. For practical purposes, conditions of 

* Pleochroic halos have been observed whose ring structures can be 
attributed only to the exclusive decay of actinouranium. This puzzling 
phenomenon is now explicable on the assumption that plutonium of mass 
239 existed during the earth’s past in appreciable quantity. Its alpha 
decay provides a source of actinouranium free from the other uranium 

isotopes. 
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essential equilibrium prevail after the longest-lived daughter 
member of the chain has accumulated for an interval 10 times 
the duration of its half-life. Because the uranium isotopes are 
inseparable by normal geochemical alteration processes, the rela¬ 
tive abundance of radium will be dependent on the accumulation 
of its non-isotopic parent, ionium. Thus, if the mineral was al¬ 
tered (10 X 83,000 1 years ago the l -Ra series will be in equi¬ 
librium. In the laboratory, when radium sulfate is freshly pre¬ 
cipitated from a boiling solution of a uranium mineral it emits 
3.7 X 10 1() alpha particles per sec per g of Ra. About 1 month 
°i X 3.825) days later, when the radon accumulates in equi¬ 
librium amount, this rate is increased to 4 X 3.7 x 10 lrt by the 
additional alpha radiation emitted by Rn, RaA, and RaC'. Since 
Ral) has a hall-life of 22 years, radium salts of recent manufac¬ 
ture will not contain the equilibrium amount of polonium until 
they have aged about 220 years. 

Besides the members of the three principal radioactive series, 
samarium is the only other naturally occurring element that de¬ 
cays with the emission of an alpha particle. Certain isotopes of 
the transuranium elements, whose properties are recorded in 
Table 3, also decay with the emission of alpha particles. p u - 8 » 
is the most important of this group because of its large-scale 
synthesis in uranium-pile reactors. Traces of plutonium have 
been reported by Seaborg in pitchblende and carnotite. Its 
presence is attributed to neutron capture by U 288 , which by suc¬ 
cessive beta decay results in the long-lived Pu 280 . The neutrons 
originate from the spontaneous fission of uranium, possibly aug¬ 
mented by other neutrons resulting from the capture of* alpha 
particles by certain light nuclei as Al, Na, and Be present as 
minor constituents in uranium minerals. 

When Tlr’ 32 is bombarded with neutrons a compound nucleus 
is funned which decays by successive beta emission to U 233 . The 
alpha decay of this uranium isotope fosters a new series of radio¬ 
elements whose interrelationship is shown in Fig. 14. The parent 
of this 4 n + 1 scries is Np 237 , and in its decay to stable Bi 2 »» 
eight alpha-particle-emitting isotopes of the heavy metals are 
produced. There is no evidence for the existence of the nep¬ 
tunium series in uranium or thorium minerals. 

Almost all analyses of pitchblende report minor amounts of bismuth 

is is probably not of radioactive origin as bismuth sulfide minerals are 
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intimately admixed in pitchblende deposits. Two old analyses report 
traces of bismuth in unaltered thorianite and broggerite. This suggests 
a possible radioactive origin, and it may be worth while to include Bi/Th 
ratios in the analysis of minerals for their Pb/U ratio. 

Table 3. Synthetic Alpha-Ray-Emitting Isotopes 

Air- 

Energy, Range, 


Element 


A 

T 

X sec 1 

Mev 

cm 

Bismuth * 

83 

213 

46 m 

2.51 X 10~* 

5.86 

4.2 

Polonium 

84 

213 

4.4 X 10 -6 s 

1.58 X 10 5 

8.336 

7.8 

Astatine 

85 

211 

7.5h 

2.57 X 10“ 5 

5.94 

4.3 



216 

Brief 


7.64 

6.8 



217 

0.02s 

34.7 

7.023 

5.9 



218 

710s 

9.76 X 10~ 4 

6.63 

5.2 

Francium 

87 

221 

4.8m 

2.41 X 10“ 3 

6.30 

5.0 

Actinium 

89 

225 

10.Od 

8.04 X 10~ 7 

5.801 

4.4 

Thorium 

90 

229 

7000y 

3.1 X 10~ 12 

4.825 

3.3 

Cranium 

92 

232 

30y 

7.4 X 10— 10 

5.31 

3.8 



233 

1.63 X 10 5 y 

1.35 X 10-* 3 

4.83 

3.3 



236 

10 7 y 




Neptunium 

93 

237 

2.25 X 10 6 y 

0.8 X 10— 15 

4.77 

3.3 

Plutonium 

94 

236 



5.75 

4.3 



238 

50y 

4.4 X 10— 10 

5.52 

4.08 



239 

2.411 X 10 4 y 

9.13 X 10-' 3 

5.144 

3.68 



240 

10 4 y 

2 X 10~ 12 

(5.3) 

3.8 



241 



(5.23) 

3.7 

Americium 

95 

241 

500y 

4.4 X 10~" 

5.47 

4.0 

Curium 

96 

240 

30d 

2.68 X 10~ 7 

6.25 

4.9 



242 

150d 

5.35 X 10“ 8 

6.0 

4.6 


* Branching ratio estimated at 0.02 to 0.04 for alpha disintegration. 

The number of nucleids decaying by alpha-particle emission 
has been further augmented by the synthesis of collateral radio¬ 
active chains in the uranium, thorium, and actinium series. By 
bombarding thorium metal with 19-Mev deuterons or 38-Mev 
alpha particles Studier and Hyde s,>i> isolated a beta-active proto¬ 
actinium fraction whose decay results in the production of four 
new alpha-active nuclei: 



-> 

20.8d 



0.30a 

-» 

30.9m 






This protoactinium series is of interest in providing a short-lived 
isotope of uranium of potential use in tracer studies, and in intro- 
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SI 


during a fourth radioactive gas, Em 218 . The emanation decays 

% 

by alpha-particle emission via the classical RaC' chain to form 
stable RaG (Pb 2(Mi ). 

By bombarding thorium metal with 80-Mev deuterons acceler¬ 
ated in the Berkeley 184-in. cyclotron, Chiorso, Meinke, and Sea- 
borg C38 isolated another j)rotoactinium fraction which exhibited 
the following decay scheme: 


n 007 «.46a ooo 6.64a 

Pa -» Ac --* 5 


38m 


2m 


o 1 c» • *30a . o i 8.00a 

> Fr 1J ——-> At*- 10 — -> 

10 4 s l()-«s 


Bi 


21 1 



"> T1 207 (Ac C") * > Pb 207 


The decay of Pa 2 - 7 gives rise to four alpha emitters which are 
members of a collateral branch of the 4a + 3 family. Following 
the decay of the initial activity fostered by Pa 237 a second group 
ol alpha-particle emitters was detected stemming from a longer- 
lived protoactinium isotope Pa 228 : 


Pa 


228 


6 ' 09 -> Ac 224 —A Fr 220 — 9a > At 216 —-> 

~2.oh 30s * i(>—3 


22li 


Bi 212 (ThC) 



iTl 208 (ThC") 






Pl> 208 


Po 212 (ThC') 


Of 


The synthesis of tlie astatine isotope of mass 21(i confirms the 
claim of Karlik and Bernct K - 8 of the existence in nature of a 
radioactive ekaiodine emitting 7.64-Mev alpha particles which 
they attributed to beta-branching in the decay of ThA 

In a series of radioactive elements the energy of the alpha par¬ 
ticles is related to the rate of disintegration. The most familiar 
of these relationships is that formulated by Geiger and Nuttall 
stating that in a family of radioelemcnts log A is approximately a 
linear function of log R. Isotopic nuclei which decay by alpha- 
particle emission exhibit another quantitative relationship be¬ 
tween their decay energy and atomic mass. It has been observed 
by Fournier that, when the velocity of the alpha particles is 
Plotted against the atomic weight of the parent atoms, the mem¬ 
bers of isotopic groups fall on a series of lines. In testing this 
relationship on the newly discovered alpha emitters it was ob- 
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served Y17 that the general precision of this empirical relationship 
is improved utilizing E/{A — Z) and A as parameters. The loci 
in Fig. 15 show that this formulation fits the available data for 
all members of the four principal series and their collateral chains. 
Only RaF, AcC', and At 211 exhibit abrupt departures from linear¬ 
ity and the correlation is poor for U 238 and Th 232 . Although the 
physical significance of this regularity is obscure, it offers an 



Fig. 15. Relationship between disintegration energy and mass for alpha- 

emitting nuclei. 

additional means of extrapolating the decay energy of other 
alpha emitters that may be produced in the bombardment of 
heavy metals with fast charged particles. 

RANGE OF ALPHA PARTICLES IN SOLIDS 

Range measurements of densely ionizing particles are usually 
made in air or other gases of low stopping power. In quantita¬ 
tive autoradiography the range of alpha particles in solid sources 
must be known and, in particular, their range in the heterogeneous 
mixture of silver halides and gelatin constituting the recording 
medium for the tracks. Direct measurements in solids are avail¬ 
able for several pure metals and an even smaller number of com- 



range of alpha particles in solids 


S3 


pounds. 1 he range in a solid can be estimated, however, from a 
simple empirical rule formulated by Bragg and Kleeman® 30 This 
states that the stopping power of an atom is proportional to the 
square root of its atomic weight. The relative atomic stopping 
power s of an element of density d, thickness /. and atomic weight 
IF is expiessed by s = d ( ,L,II dt] 1 o, in which the symbols with 
subscripts 0 refer to the standard substance for which the stop¬ 
ping power is taken as unity. Likewise, the relative stopping 
power of a complex molecule is defined by d () t 0 M/dtW 0} where M 
is its molecular weight. 

Bragg and Kleeman observed that s/y/~]V is approximately a 
constant for all the elements and that their rule also held for 
polyatomic solids when the stopping power is taken as the sum 
of the stopping powers of its constituent atoms. Rutherford R2 ° 
states that this additive rule is a serviceable approximation only 
when the alpha particle spends most of its energy in acting on 
the individual atoms and not in dissociating or exciting the 
molecule. For purposes of direct conversion of air ranges into 
ranges in a particular solid it is convenient to formulate the 
Bragg-Kleeman rule by equation 11: 


Rada 
ILd 


S'* s 


in 

is 


(ID 


In this expression i is the permeability of the medium to alpha 
particles defined in terms of its atomic composition. If a medium 
is composed of atoms A, Ii, C • • •, in the relative proportions by 
weight a, b, c • • •, then the permeability of the medium is: 


i ~ -f bX^\\' H + cV^V^ -\ -- v M \/ 

rims, the permeability of standard dry air is as tabulated 


( 12 ) 


Atom 

Oxygon 

Nitrogen 

Argon 

Composition 

0.23024 

0.75539 
0.01437 

VW 

4. (MX) 

3.742 

6.324 

Permeability 

0.921 

2.827 

0.091 


1.00000 


3.839 = * alr 


Since the density of dry air at 15° C. and 760 mm of Hg is 
0.001„26 g per ml, the range of an alpha particle in any other 
medium R t is obtained as a first approximation by equation 13: 
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Radars Rafis 

R s = - = 0.0003194- cm (13) 

ds'Pa ds 

The stopping power of a number of metals has been measured 
by von Traubenberg, V15 and more recently by Walker. W1 Von 
Traubenberg employed the scintillation method for the detec¬ 
tion of the emergent alpha particles. The particles originating 
from a wire coated with RaC + RaC' passed through an accu¬ 
rate wedge of the metal, and a point was determined where the 
scintillations were no longer detectable. The extrapolated thick¬ 
ness of metal penetrated by the RaC' alpha rays (formed as a 
result of the beta decay of RaC to RaC'), corrected for air 
absorption between source and wedge, is compared in Table 4 

Table 4. Comparison of Measured and Computed Ranges of RaC' 

Alpha Particles in Metals 

Measured Range, cm Com- 


t -*-* puted 

von Trauben- Range, 

Z Metal i d berg' 15 Walker" 1 cm 

3 Li 2.64 0.534 0.01291 0.01410 0.0110 

4 Be 3.01 1.85 0.00428 0.0036 

6 C 3.47 2.25 0.00351 0.0034 

12 Mg 4.94 1.741 0.00578 0.00595 0.0063 

13 A1 5.20 2.699 0.00406 . 0.0043 

14 Si 5.31 2.35 0.00472 0.0051 

19 K 6.25 0.87 0.01500 0.0160 

20 Ca 6.34 1.54 0.00788 0.0092 

26 Fe 7.46 7.86 0.00187 0.00194 0.0021 

28 Ni 7.66 8.75 0.00184 0.0019 

29 Cu 7.99 8.93 0.00183 0.00182 0.0020 

30 Zn 8.09 7.19 0.00228 0.0025 

47 Ag 10.39 10.6 0.00192 0.00198 0.0022 

48 Cd 10.61 8.67 0.00242 0.0027 

50 Sn 10.90 7.30 0.00294 0.00301 0.0033 

78 Pt 13.99 21.37 0.00128 0.00131 0.0015 

79 Au 14.02 19.33 0.00140 0.0016 

81 Tl 14.29 11.86 0.00233 0.0027 

82 Pb 14.40 11.35 0.00241 0.00256 0.0028 


with the value computed from equation 13. The study shows 
that the method yields estimates of the range which are in fair 
agreement with the available measurements but that, in general, 
the computed results are about 10 per cent high. The range of 
alpha particles other than those emitted by RaC' can be approxi- 
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mated by assuming a linear proportionality between the measured 
air ranges and the corresponding range in the solid. 

This assumption is valid only lor alpha particles of approximately the 
same energy as RaC\ Alpha particles of very short range and those of 
very high energy cannot he compared accurately by a simple propor- 
* ' 1'1 ^ ^' range ot an alpha particle is a complex function of its 

velocity. At the velocities of emission from nuclei in the uranium, 
actinium, and thorium series the range is proportional to the cube of the 
initial velocity. The early studies of Geiger showed that when the decay 
energy resided between 4.5 and 8.8 Mov the air range of the particles 
could be formulated by It n = 9.67 X 10“~ 8 r 3 . With increasing velocity, 
the range varies more nearly as v 4 , and at lower energies the range varies 
very nearly as the % power of the initial velocitv. 

Tahlio 5. Rangk of Alpha Pakticlks in Compounds 


Compound 

Mica 

Willemite 

Water 

Water 


Alpha Particle 

IlaC' 

KaF 

RaC' 

RaF 


Measured 
Range, cm 

0.0030 Wl 
0.0020 <:7 
().()()(>() Wl * 
0.0032 M, » 


(’omputed 
Range, cm 

0.0037 

0.0020 

0.0081 

0.0045 


* An identical range of 0.0000 cm was observed by Philipp. 1 * 21 

Direct-range measurements within polyatomic solids and 
liquids are very few in number. Available data are summarized 
in Table 5 together with the corresponding value computed from 
the Bragg-Kleeman rule. The agreement is good for mica and 
willemite but is about 30 per cent high for water. Other physico¬ 
chemical measurements on water indicate that the molecules in 
this liquid are associated in units of two or more. The trajectory 
ot alpha particles in water is possibly reduced by partial ex¬ 
penditure of their energy in dissociating these complex molecules. 

It is of interest that (Hasson “12 has demonstrated that the atomic 
stopping power is proportional to the % power of the atomic number 
Hume-Rothery i«t and Yagoda v, have demonstrated that in a periodic 
group of elements the icmzation potential V is closely approximated by 

n 2 V = aZ* + b 

where n is the total quantum number of the valence electron, and o and b 
are constants for a periodic group. Tins is in agreement with prevailing 
concepts that m the passage of alpha particles through the orbital elec- 
trons energy is expended chiefly in producing ionization. Von Hevesv' u 
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finds that the atomic stoppi ng pow er is related to the atomic number by 
the expression s = 0.563Z/VZ + 10. The application of these formula¬ 
tions might possibly lead to more accurate estimates of the range of alpha 
particles in solids. In view of the paucity of experimental data and their 
low precision, there is little to be gained from the application of these 
somewhat more complex relationships. 

Measurements on the variation of the ionization along the 
trajectory of an alpha particle in air show that it increases 
gradually with the distance from the source, reaches a maximum 
near the end of the range, and then rapidly diminishes to zero. 
In the passage of an alpha particle through a solid, the ionization 
maxima near the end of the trajectory produce an enhanced 
localized chemical action on the crystal lattice. In biotite mica 
the ferrous iron is oxidized to the trivalent state, and an intensi¬ 
fied brownish color appears near the range termination. The 
occurrence of minute radioactive inclusions in mica results in a 
series ot concentric colored spherical shells produced by the alpha 
radiations over geologically long periods of time. 

Table 6. Radii of Pleochroic Halos and Ranoes of Alpha Particles 


in Minerals 

Biotite Mica 1122 

Fluorspar 028 

A 

r - 

Com¬ 

I 

-1 

Com¬ 

Halo 

puted 

Halo 

puted 

Radius, 

Range, 

Radius, 

Range, 


Alpha Ray 

microns 

microns 

microns 

microns 

UI 

12.7 

14.1 

14.0 

13.8 

UII 



14.4 

17.3 

Io 

15.3 

16.0 

15.8 

16.6 

lta 



16.0 

17.6 

RaFl 

10.2 

21 .0 

110.5 

20.7 

Rn I 

120.5 

21.8 

RaA 

23.0 

24.8 

23.5 

25.2 

RaC' 

34.2 

36.8 

34.5 

37.3 

Permeability 

5. 

10 

5. 

37 

Density, g per ml 

3. 

12 

3. 

18 


When a thin cleavage plane of the mica, embodying a major 
diameter of the spheres, is observed microscopically a series of 
concentric colored rings termed pleochroic halos may be seen 
about the central inclusion. Measurements of the radii of these 
halos afford an independent estimate of the ranges of alpha par¬ 
ticles in solids, as the ionization peaks are reasonably close to the 
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true track terminations. Table 6 compares the halo radii in 
mica and fluorspar with the estimates provided by the Bragg- 
Kleeman rule tor these compounds. The measurements and the 
computed ranges are in good agreement, the average 10 per cent 
deviation being usually in accord with the lower value to be 
expected from the halo dimension. 

Fortified by these considerations, an estimate of the range of 
alpha particles in photographic emulsions can now be attempted. 
As a first approximation, the emulsion can be considered as a dis¬ 
persion of silver bromide in gelatin, neglecting the small variable 
amounts of residual potassium nitrate and water which are also 
present. The range of an alpha particle is then defined by the 
permeabilities, densities, and relative proportions of silver bro¬ 
mide and gelatin. The distances traversed in the two compo¬ 
nents is proportional to the volumes occupied by them. The 
volumes can be estimated from the weight proportions of the two 
ingredients, assuming that their densities in the emulsion are the 
same as in the unmixed state. The composition of the emulsion 
can be ascertained precisely by suitable gravimetric methods of 
analysis, but data of ample accuracy are secured by the follow¬ 
ing simple procedure: 


( ondition a 5 X 8 cm plate over a desiccant and determine its total 
weight. Extract the silver halides by means of 30 per cent sodium thio¬ 
sulfate, and wash repeatedly with distilled water until all soluble salts 
are removed. The loss in weight by the reconditioned plate closely ap¬ 
proximates the weight of the silver halides. Soak the gelatin-coated slide 
in concentrated hydrochloric acid for about 5 min and dissolve the hydro¬ 
lyzed coating in hot water. Dry and weigh the glass backing, obtaining 
the weight of the gelatin by difference. 


Table 7. Composition of Photographic Gelatin 


Element 

Carbon 

Hydrogen 

Nitrogen 

Oxygen 

Sulfur 


Mees M23 

Perfilov 1 ’ 15 

Yagoda Y17 

50.5 

52.5 

49.4 

6.8 

7 

6.8 

17.5 

17 

18.0 

25.2 

21.5 

25.0 


2 

0.7 


The permeabilities of silver bromide and of gelatin are readily 
calculated from their atomic composition. The composition of 
the purified gelatin employed in the manufacture of photographic 
emulsions is indicated by the analyses recorded in Table 7. 
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Analysis of an Eastman NTA emulsion revealed the presence of 
AgBr : gelatin as 80 : 20 by weight. On a basis of 6.47 and 1.31 
for the specific gravities of the respective compounds, the anal¬ 
ysis indicates a composition by volume of 44.7 per cent AgBr 
and 55.3 per cent gelatin. The calculated ranges of the alpha 
particles from RaC' in the individual components and in the 
emulsion are as tabulated. 


Medium 


d 

Range, 

microns 

AgBr 

9.78 

6.47 

33.3 

Gelatin 

3.50 

1.31 

58.9 

Emulsion 

6.30 

3.62 

38.4 


Microscopic measurements of the tracks of RaC' alpha par¬ 
ticles in the same emulsion showed an average length of 41 mi¬ 
crons. This is in reasonably close agreement with the computed 
value in view of uncertainties in the several measurements, the 
lack of precision of the Bragg-Kleeman rule and the straggling 
in range of alpha particles. The computed range of 38.4 microns 
indicates that the emulsion has a stopping power for alpha par¬ 
ticles 1800 times greater than air. 


CHARACTERISTICS OF NUCLEAR EMULSIONS 

Historical Development. The early work of Kinoshita, Ma- 
kower, and Walmsley on alpha-particle recording was done with 
optical-type emulsions. These emulsions have a thickness of a 
few microns and will record complete tracks only of particles 
entering at glancing incidence. To record the full trajectory 
of low-energy alpha particles at all angles of incidence an emul¬ 
sion thickness of about 50 microns is essential. Thick-layered 
emulsions were prepared by Myssowsky M3G in 1927. They were 
applied by Baranov 152 in the study of the distribution of radio¬ 
active inclusions in rocks and plants and were also applied by 
Alexandrov A1 in the study of the Russian radium deposits at 
Tyuya-Muvun. Improved thick-layered emulsions were studied 
by Zhdanov 22 at the State Radium Institute in Russia, and by 
Blau and Wambacher B22 at the Radium Institute in Vienna. 
The latter observed that their extremely fine-grained emulsions 
were very insensitive to white light and reacted anomalously 
after treatment with sodium nitrite. This compound has a hyper- 
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sensitizing action on plates exposed to white light. Blau and 
^ ambacher found that the reagent diminished the sensitivity of 
their thick-layered emulsions to alpha particles. 

Interest in these early nuclear-type emulsions increased when 
Blau 1 - 1 and A\ ambaoher discovered that energetic protons 
recorded tracks in emulsions sensitized with pinakryptol yellow. 
Low-energy protons produced by the collision of alpha particles 
with hydrogen nuclei could be recorded on normal plates, but the 
more energetic recoil protons resulting from the neutron bom¬ 
bardment ol metallic foils registered tracks only when the emul¬ 
sion was sensitized with dyes having structures similar to pina¬ 
kryptol yellow. According to these investigators, the dye alters 
the outer surface of the silver bromide grains so that they are 
rendered more readily developable after impact bv a proton. As 
a result of oxidation, the dyes rapidly lose their sensitizing prop¬ 
erty, and it was found necessary to conduct the exposure either 
in a vacuum or in an oxygen-free atmosphere. Zhdanov 7A 
found that the grain size of the silver bromide was critical for 
the registration of proton tracks, and that by keeping the grain 
diameter between 0.5 and 0.8 micron satisfactory proton tracks 
would record without the aid of dye sensitization. 

Zhdanov prepared emulsions sensitive to protons by adding a solution 
ot 5 g AgN0 3 and 1.75 g gelatin in 52.5 ml of water to a second one con- 
sisting ot 4 g KBr, 3.5 g of gelatin, and 52.5 ml of water. The solutions 
are maintained at 60° C and stirred while mixing. The properties of 
Zhdanov’s El emulsion have been confirmed in investigations by Demers. 1 ,r » 

As a result ot the widespread application of these emulsions in the 
study ot cosmic radiation and in the detection of densely ionizing par¬ 
ticles originating from nuclear reactions, the Ilford Laboratories in Eng¬ 
land developed similar plates on a commercial basis. 

The early nuclear-type emulsions were experimental and subject to 
fluctuation in properties. The Ilford IU plate was a fine-grained emul¬ 
sion sensitive to alpha particles, with very little background fog, but 
insensitive to protons. Their R2 plates was proton sensitive but had an 
increased number of background grains rendered developable After 
further experimentation. Ilford developed a “New Halftone” emulsion 
winch was sensitive to both alpha particles and high-energv protons 

Collaboration between C\ F. Powell and the Ilford Laboratories has 
resulted in a series of nuclear emulsions containing about eight times the 

= p rT‘"° n ° f Si ' VOr h,,lid ° S - In ,he of those oon- 

/, '* P ‘ T,,,ls,ons - w P‘kc .,1 to prevent the background density of 

t. Brains from inereasmg in proportion to the increased silver content 
Iliesc Nuclear Research emulsions are available in different tvpes desj,,.' 
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nated B2, C2, El, and Dl. The B2 type is the most sensitive emulsion 
of the series and records tracks of alpha particles and energetic protons. 
Type C2 is of finer grain than B2 and is suited for accurate track-length 
measurements. According to a statement from Powell, the C2 emulsion 
is the most suitable grade for the registration of alpha-particle tracks 
for purposes of autoradiography. The El-type emulsion is serviceable for 
the differentiation of alpha-particle and proton tracks, as the latter record 
poorly. The finest-grained emulsion of the series is the Dl. This emul¬ 
sion docs not record proton tracks, records alpha-particle trajectories 
poorly, and is serviceable as a medium for the registration of fission frag¬ 
ment tracks. The general composition base of these emulsions is com¬ 
pared with that of other nuclear types in Table 8. A comparative study 
of the Ilford C2 and the Eastman NTA emulsions, described in Fig. 16, 



Incident number of alpha particles per cm 2 

Fig. 16. Relationship between photographic density and alpha-particle 
exposure. Emulsions exposed to RaF alpha particles and developed in D19 
for 2 min at 25° C. Alpha-particle flux during exposure approximately 10° 

per sec per cm 2 . 

shows that both media have very nearly the same density developed after 

exposure to an identical source of alpha particles. K4 

In collaboration with T. R. Wilkins the Eastman Kodak Laboratories 
produced a series of experimental nuclear-tvpe emulsions designated as 
Fine-Grain Alpha-Particle plates. These media had a coarser gram size 
and a lower concentration of silver halide than their present NTA emul¬ 
sions. The Eastman Nuclear Track emulsion has its stopping power aug¬ 
mented by the use of a high silver bromide to gelatin ratio, and the coat¬ 
ing ranges between 25 and 40 microns in thickness. After fixation, the 
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residual film of gelatin is about 15 microns thick. This is advantageous 

in counting tracks and in exploring the plate lor rare nuclear events, as 

almost all the developed tracks reside in very nearly the same focal plane. 

The Agfa Laboratories in Germany developed a nuclear-type emulsion 

designated as the “K-plate,” which according to Wambaeher wr > showed 

a marked difference in the grain density of recorded proton and alpha- 

particle tracks. Ciier*'-!' has described the recording properties of two 

emulsions of French manufacture. Polonium alpha particles record track* 

of 23.5 microns in the ‘'micro” emulsion and 25.0 microns in the “Tons 
noirs” plate. 

Table 8. Composition of Nuclear-Type Emulsions 


Designation 
Emulsion No. 

AgBr, % 

Gelatin, % 

Emulsion weight, mg/cnr 
Thickness, microns 


Eastman 

Fine-Grain 

276.200 

44 

56 

5.4 

40 


Eastman 

Improved 

320.489 

73 

27 

7.2 

24 


Eastman 
NT A 
350.773 
82 
18 
8.8 
30 * 


Ilford 

C2 

85.1 
14.9 
16.8 
44 


‘The Eastman nuclear-type emulsions are now available in different 
emulsion thicknesses of 25, 50, and 100 microns. The 25-micron coating is 
best suited for alpha-particle counting and alpha-ray patterns. Plates with 
heavier coatings are employed chiefly in the study of cosmic radiation Ac¬ 
cording to the Eastman Co. their NTA and NTB emulsions are composed of 
17.50 per cent gelatin and 82.49 per cent silver halides (97 parts AgBr and 
liar s Agl by weight). The Ilford nuclear research plates are available with 
coatings .50, 100 200, and 300 microns thick and have the same chemica co 
position as the Eastman NTA emulsion. 

Tlie commercial availability of the nuclear-type emulsions is 
of considerable advantage in their practical application in radio¬ 
active measurements. Unfortunately, details on the sensitiza- 

!° n 0f 1 th( “ sc emulsions are disclosed. Investigators using 
these plates, therefore, do not have access to information on 

minor constituents, such as light-desensitizing dyes or proton- 
sensitizing agents, which may have a significant bearing on the 
properties of the emulsion. Thus, Schafler 83 has found that 
traces of pmakryptol yellow, added as a proton sensitizer to Agfa 
plates, cause an increased fading of the latent image. The prep¬ 
aration of thick-layered, fine-grained emulsions has not been 
andardized. Their recording properties are therefore subject 

ormulae £ T Z" m ° difications - the manufacturing 

ulae. In this way the stopping power of.the Eastman nu- 
°ai -type emulsions has increased progressively from 1300 to 
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about 1750 during the past few years. This alteration diminishes 
the length of tracks hut increases their microscopic discernibility 
because of closer grain spacing. For purposes of autoradiography 
the increased stopping power also improves the resolving power 
of the emulsion for minute radioactive inclusions. 

However, potential changes in emulsion composition necessi¬ 
tate new calibration data for each lot of plates. Until their 
properties become more highly standardized, new plates must be 
investigated to determine whether their characteristics have been 
altered appreciably. In particular, generalized statements con¬ 
cerning stopping power, resolution, and sensitivity to other radia¬ 
tions such as light, beta particles, and x- and gamma-rays must 
be interpreted as a trend for the type emulsion and not always as 
indicative of the precise characteristics of a particular shipment. 
The emulsions keep well when stored in an air-conditioned room 
kept at low humidity. It is advantageous to order a supply of 
one emulsion number adequate for about a year’s use. Toward 
the end of this period the developed plates are likely to show an 
appreciable population of cosmic-ray events even when the lab¬ 
oratory is located near sea level. 

Formulae for the laboratory preparation of nuclear-type emul¬ 
sions have been described by Demers. 1)4 This work is of par¬ 
ticular importance as it provides direct information on the com¬ 
position of nuclear-type emulsions. Demers’ researches demon¬ 
strate that emulsions of markedly different sensitivity can be 
prepared by altering the size and spacing of the silver bromide 
grains without resorting to their sensitization by dyes. An emul¬ 
sion that records tracks with grain spacing sufficiently distinctive 
for the differentiation of alpha particles, protons, and fission 
fragments is prepared as follows: 

Thirty milliliters of 60 per cent silver nitrate and an equal volume of 
42 per cent potassium bromide are added dropwise to 75 ml of a 6 pei 
cent gelatin solution. The gelatin solution is maintained at 40° C and is 
stirred continuously during the slow simultaneous addition of the salt 
solutions, whose flow is adjusted to about 1 ml per min. 

In an improved formula (Emulsion II) Demers™ describes emulsion 
preparation in greater detail. In this formula alcohol is employed to 
prevent the formation of clumps and coarse grains. The gelatin (4.5 g) 
is dissolved in 50 ml of warm water, and when complete solution is ef¬ 
fected 25 ml of ethyl alcohol is stirred into it. maintaining the tem¬ 
perature at 40° C. The silver bromide is incorporated by allowing two 
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solutions, the first containing 18.6 g AgNOs diluted with water to 30 ml. 
and the second containing 12.8 g KBr diluted to 30.5 ml. to flow dropwise 
into the gelatin solution under constant vigorous stirring. The burettes 
for the delivery of the solutions are fitted with capillary tips, or stainless- 
steel needle-valves that provide an outflow of 1 ml per min. It i.s desirable 
to have the bromide ion in slight excess over the silver during precipita¬ 
tion, and the potassium bromide flow should be about 0.5 to 1 ml ahead of 
the silver nitrate solution. 

The resultant emulsion is poured into a flat tray, 12 X IS in., and the 
thin layer is jelled by cooling the vessel in ice water. The gel is then 
washed in running cold water for about 8 hours to remove the potassium 
nitrate. After washing, the emulsion is remelted and coated on indi¬ 
vidual 1X3 in. clean glass slides. By delivering 1 ml of emulsion, on 
drying, a layer measuring 40 microns at the center is produced. Peeling 
of the emulsion is prevented by allowing the gelatin to sot in an atmos¬ 
phere of 60 to 80 per cent relative humidity. The emulsions are not verv 
sensitive to light. Hence, they can be prepared in a room illuminated 
with red or amber light. Demers cautions that owing to svneresis Emul¬ 
sion II may occasionally not melt after the washing process. This diffi¬ 
culty has not been encountered in the preparation of the alcohol-free 
emulsion The characteristics of these laboratory-prepared emulsions am 
compared with commercial nuclear-tvpe plates in Tables 9 and 10. 

Table 9. Physical Characteristics of Nuclear Emulsions 


Composition 
by Weight 


Coating 


Emulsion 

Eastman Alpha 
Eastman NT A 
Eastman NTC c 
Ilford Halftone 
Ilford Cone. 
Demers 


AgBr 

56 * 

84'' 
(HP- 
40 . fl' f 
80' 

81.6° 


1 nn- 

Celatin mg 'em 2 crons 

5.4 40 

12.6 38 

8.0 27 


44 

16 

34 

59.4 
20 

18.4 


Stop¬ 

ping 

Power 

1400 
1750* 


Developed 

Grain 

Diameter," 

micron 

0.6 

0.6 


29.0 


50 

40 


1400 
1700 
1600 


<! 


o.; 




0.1-0.3 


“ Characteristics determined bv Demers. ,)H 
h Characteristics determined by Vagoda. Y17 

\ p." ex P® ri ™entaI emulsion intended for the legist rat ion of fission tracks 
Characteristics determined by Choudhuri. C13 
f Characteristics described by Ilford Co. 

Knowles and Demers**® have studied the grain size of several 
undeveloped emulsions employed as track-recording media 
The,,, results, summarized in Table 10, show that the nuclear- 
pe emulsmns have a grain size about 5 to 10 times smaller than 

part ei‘, t° P Cm,,l '! yed as Curding media for beta 

particles. Eleetnm-m.eroscop.c examination of the original 
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emulsions exhibits the grains as regular hexagons of nearly uni¬ 
form size. A layer of adsorbed gelatin 0.01 micron thick is vis¬ 
ible around the grains. Their studies indicate that each devel¬ 
oped grain, after passage of an alpha particle, arises from about 
30 original silver bromide grains surrounding the one traversed. 

Table 10. Original Grain Size of Photographic Emulsions * 



Designation 

Grain Diameter, 
micron 

Eastman 

V-O 

0.25 


Fine-Grain Alpha 

0.28 


Microfilm 

0.42 


Lantern-Slide 

0.60 


548-Microradiographic 

0.03 

Ilford 

D 

0.12 


Cl 

0.16 


C2 

0.16 


B1 

0.21 

Demers 


0.04-0.08 


* Based on electron microscope measurements by Knowles and Demers. 14,16 

Haig and Jenny 1142 describe the preparation of a silver bro¬ 
mide-iodide nuclear-t} r pe emulsion utilizing Demers’ precipita¬ 
tion technique. The role of small quantities of admixed silver 
iodide is not fully established. According to Mees M23 the addi¬ 
tion of 1 to 5 per cent silver iodide to a silver bromide optical- 
type emulsion increases the sensitivity to light and reduces back¬ 
ground fog. Demers, however, found that when 25 per cent of 
the bromine atoms were replaced by iodine the sensitivity was 
diminished to the point where only the tracks of fission fragments 
recorded. With a smaller replacement by either iodine, chlorine, 
or both Demers observed no worthwhile improvement in sensi¬ 
tivity. The present-day Eastman and Ilford emulsions are of 
mixed halide type with AgBr:AgI = 97:3. In a personal com¬ 
munication, Haig states that in his emulsion (67 AgBr + 1 Agl + 
22 gelatin + 10 parts of glycerine by weight) the latent image 
of alpha particles persists for 100 days with but little diminution 
in grain density on delayed development. Thus, the admixed 
iodide may plaj' an important role in latent image retention. 

The investigations of Haig and Jenny are of interest in pro¬ 
viding specific information on minor constituents of the emulsion 
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and in furnishing technical details on emulsion washing, stabili¬ 
zation, and the pretreatment of the glass backing for adequate 
emulsion adherence. They employ solutions of the following 
composition: 


A. Soak 6.5 g ol gelatin in 70 nil of distilled water a( room temperature 
for 1 hour and then dissolve by gentle stirring and warming to 50° C. 

B. Dissolve 14 g of KBr in 23 ml of water and add 5 ml of 10 per cent 
CdBr2*4H;>0 and 2 ml of 10 per cent KI. 

C. Dissolve 18 g ol AgNG 3 i 11 30 ml ol distilled water. 

D. Dissolve 2 g of chrome alum in 78 ml of water; add 60 ml of ethyl 
alcohol, 42 ml of glycerine, and 0.75 ml of 10 per cent KBr. 

E. Dissolve 2 g of gelatin in 150 ml of water at 35° C; add 5 ml of 0.2 

per cent aqueous wetting agent and 2.5 ml of 2 per cent chrome alum, and 
filter. 

Solutions B and C are delivered simultaneously to solution A with con¬ 
stant stirring at a rate of about 1 ml per min, adjusting the position of 
the stirrer so as to avoid foam production. The emulsion is ripened for 
45 min at 50° C with slow stirring, and is then transferred to a chilled 
porcelain dish and cooled in an ice bath for 6 hours. The gel is cut with 
a spatula, transferred to cheesecloth, and washed for about 16 hours until 
free from potassium nitrate. The writer has found that small batches of 
emulsion can also be washed satisfactorily by pouring the emulsion di¬ 
rectly into a 1-liter flask and allowing the gel to set on the walls by 
rotating the flask in an ice bath. This produces a layer about 3 mm thick 
from which the soluble salts can be removed by filling the flask with 
chilled distilled water, agitating for several hours, and renewing the water 
until the last wash gives a negative ring test for nitrate ion. 

The washed gel is melted at 35° C and at this stage 9 ml of solution D 
and 5 ml of a 0.2 per cent aqueous wetting agent are added. The incor¬ 
porated potassium bromide serves as a stabilizer against grain growth the 
chrome alum hardens the gelatin, the alcohol lowers the setting point’and 
t ie glycerine serves as a plasticizer preventing peeling of thick emulsion 
coatings under conditions of low humidity. The over-all sensitivity of the 
emulsion can be increased by the further addition of 1 ml of 2 per cent 
aqueous acridine orange. The dye increases the light sensitivity of the 
emulsion necessitating the handling of the plates in a yellowish-red light, 
nor to coating, the acid-cleaned glass is subbed with solution E, lining 

r°"\ 2 ™\° n each 2 X 3-in. plate. When this layer of hardened gelatin 
has dried the slides are supported horizontally on a glass frame whose 

ottom can be chilled with lee water. A coating approximately 50 microns 
thick is obtained by delivering 5 ml of the gel at the center of the slide 
a id pushing the fluid towards the edges with the aid of a fire-polished 
Rlass roil. It ,s good practice to filter the molten gel through gk!s S wool 
o remove any clotted material. When the temperature is lowered setting 

fed m “ 10 '° 30 min ' af '° r Whi(h are dried in 
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Response to Nuclear Particles. The nuclear emulsion is in 
many respects similar to a Wilson cloud chamber in its ability 
to differentiate between different types of nuclear fragments. In 
the cloud chamber, ions produced in the gas through which the 
particles traverse act as nuclei of condensation for water vapor. 
Under suitable illumination the resultant micro water droplets 
outline the path of the radiation. The length of the transient 



Fig. 17. Nuclear evaporation recorded in an emulsion exposed at high 


altitude. 


tracks corresponds to the range of the particles, and their thick¬ 
ness serves as a measure of the density of ionization. Cloud 
chamber photographs of alpha-particle tracks show that they 
travel in a straight line, with an occasional deflection near the 
track termination owing to a chance collision with an atomic 
nucleus. 


Similar features are depicted when ionizing particles traverse 
nuclear-type emulsions. The general linearity of path of densely 
ionizing particles is clearly revealed by tracks a, b, c, and d of 
the cosmic-ray star shown in Fig. 17. Track e, however, exhibits 
both small-angle scatter along the trajectory of the particle, and 
large-angle scatter close to the end of the particle’s range. In 
instances of large-angle scatter observed even in the tracks of 
low-energy alpha particles near the end of their range, the projec- 
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tile penetrates deeply into the electronic structure of one of the 
atoms in its path and is deviated on approaching close to its 
nucleus. In traversing the emulsion the particle will more often 
receive a large number of very small deflections, each of about 
the same order of magnitude, and the track will exhibit at high 
magnifications a series of gradual curvatures. This latter proc¬ 
ess is known as multiple scattering, and the average small-angle 
deviation along the trajectory is a measure of the mass of the 
particle. The small-angle scattering is measured by dividing 
the track into segments of equal length and measuring the angle 
between adjacent segments. 032 The average angle along the 
trajectory is a statistical function which varies directly with the 
velocity of the particle, the number and charge of the nuclei con¬ 
stituting the emulsion, and is inversely proportional to the kinetic 
energy oi the particle. For a given velocity particles of small 
mass, like electrons and mesons, will exhibit greater multiple 
scattering than the more massive proton or alpha particle. 

In the interpretation of scattering it is important to note that under 
severe conditions of exposure the emulsion may record distorted tracks. 
Spurious efleets are particularly noticeable when thick emulsions are ex¬ 
posed at high altitudes under conditions of reduced pressure and elevated 
temperature. Micro air bubbles trapped in the sensitive layer introduce 
stresses in the gelatin owing to expansion of the gas. These result in 
localized distortions of the gelatin layer during photographic processing 
I articles ejected linearly in the vicinity of the stressed areas and directed 
through the thickness of the emulsion will exhibit an S-shaped track. 
Such occasional complications can be minimized by providing temperature 
and pressure control during the stratosphere flight and by exercising excep¬ 
tional care in the manufacture and processing of thick-layered emulsions. 

ie plates should be supported horizontally in all reagent solutions and 
( tiring the final washing. The addition of a wetting agent in the last 
s ages of washing facilitates uniform drainage of water droplets and avoids 
distortion in the swollen gelatin caused by uneven drying. 

The developed grain density along the track serves as a meas¬ 
ure of the ionizing power of the particle and is useful in differen¬ 
tiating trajectories produced by particles differing in charge or 
mass (see p. 258). In a cloud chamber the track of an alpha par¬ 
ticle is observed to be more dense close to the end of its range 
owing to the greater ionization as the particle slows down. This 
effect is not generally noticeable in tracks recorded in the emul¬ 
sion by low-energy alpha particles as the normal development 
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process is sufficiently strong to reduce all grains traversed to 
silver once a minimum amount of energy has been expended in 
them. The variation in ionizing power along the tracks of fast 
protons and alpha particles is depicted by a variation in grain 
density, as the interaction between a fast particle and the silver 
halide grains is not always adequate for latent-image formation 
and only the more sensitive ones are rendered developable. 

Table 11. Comparative Ionizing Power of Nuclear Fragments 


Particle Charge 

Alpha (RaF) 24- 

Recoil atom (Ra(l) 1 + 
Light fission (10) * 

Heavy fission (11+)* 

Slow electron 1 — 

Beta particle IT 

Light meson IT 

Heavy meson IT 

Proton 1 + 


Mass 

Energy, 

Mev 

e 2 M/E 

Relative 

Ionization 

4 

5.30 

3.02 

1 

206 

0.10 

2060 

680 

05 

07 

08 

32 

130 

65 

250 

86 

X /\ 810 

0.02 

0.027 

0.000 

1 1 840 

2 

0.00027 

0.00000 

200 1840 

2 

0.054 

0.018 

3 1 y'l 84 0 

2 

0.086 

0.028 

1 

2 

0.5 

0.17 


* The charge of fission fragments decreases with diminution of velocity. 
According to Evans E15a the initial charges at the instant of splitting are 
about 20+ and 22+ for the light and heavy fragments, respectively. On 
the basis of average charges of 10+ and 11+ the relative ionization along 
the fission track is about 60 times that produced by a polonium alpha particle. 
Perfilov P15 has estimated that the relative ionization of fission fragments 
exceeds that of an alpha particle by a factor of 30 to 40. 


In general, the ionization produced per unit length of path / 
by a particle of charge e and velocity v is approximated by 
I oc e 2 /v 2 . The ionization is independent of the mass of the par¬ 
ticle, but in order to compare the over-all ionization over the 
complete trajectory for particles of mass M ejected with kinetic 
energies E, the function e 2 M/E serves as a convenient index for 
the type of track the particle can produce. Values of this index 
for particles of interest in nuclear physics studies are compared 
in Table 11. Using polonium alpha particles as a reference 
standard, it is observed that heavy recoil atoms and fission frag¬ 
ments have high specific ionizations. Although the short range 
of RaG recoil atoms in the emulsion (^0.01 micron) precludes 
track formation, other heavy particles ejected in the explosive 
disintegration of nuclei record exceptionally heavy tracks. With 
normal development fission tracks are not very much more robust 
than the alpha-particle tracks. In sensitive emulsions the energy 
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expenditure of the alpha particle is adequate to ionize almost 
every grain traversed, and the fission fragments can do but little 
more. However, the greater ionizing power of the fission frag¬ 
ments can be made manifest by employing emulsions of lower 
sensitivity, by partial destruction of the latent image, or by em¬ 
ploying a weak developer. Under these conditions alpha-particle 
tracks no longer appear whereas those of the fission fragments 
develop as nearly continuous lines. 

Among the singly charged particles, for a given energy the 
massive proton produces tracks of greater density than meson 
particles or electrons. Fast beta particles have comparatively 
little action on the emulsion, but will cause enhanced fog on pro¬ 
longed exposure. Low-energy beta particles (0.02 to 0.1 Mevt 
have a sufficient ionizing power to produce recognizable tracks in 
the more sensitive emulsions such as Eastman XTB and Ilford 
B2. These electron tracks have a low grain density and are 
easily differentiated from proton- and alpha-particle tracks by 
their large scatter. Because of the high specific ionization of 
low-energy alpha particles the nuclear emulsions provide virtu¬ 
ally selective recording media in the counting of these particles 

Resolving Power of Alpha-Particle Pattern. Certain nuclear 
emulsions such as Eastman Fine-Grain Alpha have an extremely 
low sensitivity to both visible and ultraviolet light and are not 
activated appreciably by pseudophotographic agents. Polished 
surfaces can therefore be exposed in direct contact with the emul¬ 
sion. The developed image is a measure of the alpha-particle 
activity of the surface and of the immediate thin layer above it 
defined by the range of the alpha particles in the particular solid. 

I lie mechanism ot this selective alpha-ray pattern is represented 
diagrammatieally in Fig. 18. 

A minute radioactive point, source A, situated on the polished surface 
emits alpha particles in all directions, and those directed towards the 
ennds'on are capable of photographic action over a hemispherical volume 
defined by their range in the emulsion. For points slightly above the pol- 

m nt d't ar< i’i ’ 6 Pl, ° t0graphic action is restricted to a spherical seg- 

he n? f by , T ang e 9 and the distanee '> of the point source above 
1 G interface. Alpha particles originating from points within the source 

ated at distances equal to or exceeding the maximum range in the speci¬ 
men. as C and /), do not activate the emulsion. 

Since the range of the most penetrating alpha particles, ori<d- 
natmg from the decay of ThC', is seldom more than 50 microns 
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in solids, the resultant image is a sharply defined replica of the 
radioactive segregates. Microscopic examination of the image 
shows that it consists of a network of tracks produced by alpha 
particles impinging into the emulsion over a wide range of angles. 
The source seldom emits particles of a monoenergetic character. 
In a radiochemically purified uranium preparation, three alpha 
particles are emitted from the decay of UI, UII, and the minor 



Fig. 18. Effective range of alpha radiations from radioactive mineral in 

contact with a nuclear-type emulsion. 

quantity of AcU. Multiple alpha-ray sources can be treated as 
a monoenergetic source by assigning an effective range R to 
the constituent particles, equal to their arithmetic mean weighted 
by relative activity. 

At the present time, uranium preparations of natural isotopic 
ratio contain 99.274 per cent UI, 0.00518 per cent UII, and 0.719 
per cent AcU. The actinouranium has a fractional alpha-ray 
activity of 0.046, the residual 0.954 unit being contributed 
equally by the decay of UI and XJII atoms. The effective range 
of this system of isotopes is as tabulated. The effective range 

Air 

Range, 

Isotope cm 

UI 2.65 

UII 3.21 

AcU 3.0 


Fractional 

Activity Range X Activity 

.0.477 1.264 

0.477 1.530 

0.046 0.138 


R = 2.932 air-cm 
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in air is readily converted into an equivalent range in the solid 
source by means of the Bragg-Kleeman rule. Thus, the alpha 
particles resulting from the decay of uranium have a range of 7.7 
microns in the pure metal, and a range of 17.5 microns in the 
oxide U 3 0 8 . The effective range in air of several svstems of 


interest in radiochemistrv and geology is summarized in Table 12. 


Table 12. Effective Range of Alimia-Pahticle Systems 


System 

Uranium series 
Isolated uranium 
Radium series 

Thorium series 
Actinium series 
U + 0.046 AcU 
Radon series 
Thoron series 
Act inon series 


Radioisotopes 

UI, l II, Io, Ra, Rn, RaA, RaU', and RaF 

UI, UI I, and AcU 

Ra, Rn, RaA, and RaC' 

Ra, Rn, RaA, RaC', and RaF 

Th, IidTh, ThX, Tn, ThA, and Th(' + ThC' 

AcU, Pa, RdAc, AcX, An, AcA, and AcC 

Uranium mineral in equilibrium 

Rn, RaA, and RaC' 

Tn, ThA, and ThC + ThC' 

An, AcA, and AcC 


R, 

air- 

cm 

3.06 

2.03 

1.72 

4.54 

LSI 

4.71 

4.00 

5.21 

5.08 

5.83 


The effective thickness of a solid can also be expressed in 
equivalent air-cm, that is, the number of centimeters of dry air 
at 15° C and 700 mm Hg which offer equal resistance to the 
passage of the alpha particles as encountered by it in traversing 
the source. It m is the mass of the source in grams, A its area 
in square centimeters, R 8 the range in centimeters in the source, 
R (l its range in standard air, and d s the density of the source in 
grams per cubic centimeter, then the thickness of the source r 
in equivalent air-centimeters is: 


T = 


Ra 

l R,d s 


(14) 


This unit of measurement is convenient in dealing with alpha 
particles which expend their energy in several media of different 
stopping power, as the distances traversed are directly additive 
when expressed in equivalent air-centimeters. Substituting the 
value of from equation 13 yields: 


3130m 

A \p s 


T 


( 15 ) 
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Table 13. Range of Alpha Particles in Radioactive Minerals and 

Other Solids 


Mineral 


d 

R* microns 

Uraninite 

13.5 

9.0 

19.1 

Pitchblende 

12.5 

7.0 

22.8 

Thorianite 

13.3 

9.4 

22.6 

Curite 

13.0 

7.2 

23.2 

Carnot ite 

9.8 

4.1 

31.6 

Torbernite 

10.0 

3.5 

36.5 

Samarskite 

9.2 

5.7 

20.6 

Botafite 

8.8 

4.3 

26.1 

Monazite 

9.2 

5.1 

28.8 

Allanite 

6.3 

3.5 

28.7 

Ca3(P() 4 ) 2 

5.21 

3.14 

36.5 

LiF 

3.90 

2.30 

37.3 

Si0 2 

4.61 

2.65 

38.3 

CaC0 3 

4.88 

2.71 

39.7 

BaS0 4 

8.75 

4.50 

42.7 

Glass f 

4.69 

2.50 

41.3 


R for the radioactive minerals refers to the range of the predominating 
system of alpha particles generated by decay processes inside the mineral. 
For the other solids the range is R , as computed for the RaC' alpha particle. 

t The glass employed as a support for the Ilford Nuclear Research emulsions 
is composed of 72Si0 2 + 14Na 2 0 -f- 9CaO -f 3MgO, and 2 per cent of minor 
constituents. 

The effective range of the component alpha radiations in sev¬ 
eral of the more common uranium and thorium minerals is col¬ 
lected in Table 13. The effective range is about 20 to 37 microns 
and is on the average very close to the range of the radiations 
in the emulsion. A minute radioactive segregate located on the 
polished surface will generate a hemisphere of individual tracks 
in the emulsion which may attain a maximum diameter of 45 
microns. Since the emulsion is viewed in a plane at right angles 
to the optical axis of the microscope, only the horizontal projec¬ 
tions of the tracks are observed. In general, the visual annulus 
of diffusion about the image of the grain is less than the effec¬ 
tive range of the alpha particles. The horizontal projection of 
rays entering the emulsion at 45° is equal to R /\/2, which 
evaluates to about 20 microns for most radioactive mineral 
sources. 

Comparative microscopic measurements of the dimensions of 
mineral grains on the polished surface and their corresponding 



CHARACTERISTICS OF NUCLEAR EMULSIONS 103 

alpha-ray patterns show good agreement with the deductions on 
resolving power. A diffuse annulus of about 20 microns is re¬ 
corded about the autoradiographic image of the grain. The 
minute annulus of diffusion causes an apparent diminution in the 
dimensions of non-radioactive inclusions in matrices of uranium 
and thorium minerals which must be taken into consideration 
when the inclusions are very small. Thus, a gangue vein less 
than 50 microns wide may appear to be feebly radioactive as a 
result of emergent alpha rays from the surrounding matrix. 

Fading of Latent Alpha-Particle Image. If a nuclear-type 
emulsion is exposed to a source of alpha particles of long half- 
life and its development is delayed for several days, its photo¬ 
graphic density l) f will in general be smaller than that of the 
control image D 0 made immediately before development of the 
plate. The magnitude of the fading coefficient (D 0 - D f )/D 0 
is a complex function of the emulsion composition, the flux of 
alpha particles generating the image, their energy, and particu¬ 
larly the conditions of humidity and temperature under which 
the plates are stored during the period of delayed development. 

The phenomenon was first observed by Blau and Wam- 
bacher, 823 ’ 20 who state that after 14 days’ delay the density is 
half that produced on undelaved development. Lauda, L21 who 
studied the effect in considerable detail on Agfa contrast plates, 

ay in development the loss in 
density is 80 per cent when the plate is stored under normal 
ambient conditions, 60 per cent when the emulsion is maintained 

at 0° C, and only 8 per cent when the emulsion is kept in an 
evacuated desiccator. 

The fading of the latent alpha-ray image is a reproducible 
phenomenon encountered in all nuclear-type recording media. 
The fading rate in Eastman nuclear-type emulsions has been 
investigated by Yagoda and Kaplan. Y10 ' 13 Under normal am¬ 
bient conditions of storage, fading increases progressively with 
the period of delayed development, and at the end of 20 days 
the photographic density is reduced from 90 to 35 per cent, de¬ 
pending on the emulsion composition. Fading is more pro¬ 
nounced in emulsions of low silver bromide concentration On 
delayed development the silver grains constituting individual 
tracks become obliterated, and in Fine-Grain Alpha plates distinct 
tracks are no longer observable after 5 days’ aging of the latent 
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image. Track deterioration is considerably reduced in the East¬ 
man NTA emulsion. That the ratio of silver bromide to gelatin 
is an important factor in the rate of fading is substantiated by 
the recent investigations of Ciier and Morand C33a on the reten¬ 
tion of the latent image in the Ilford series of emulsions. Their 
studies likewise show that the fading rate increases with dimin¬ 
ishing silver halide content. 

Occhialini 01 and LaPalme and Demers L12 also report fading of track 
structures on delayed development. The latter find that fading occurs 
in all fine-grained emulsions such as the Eastman Alpha plate, type V-0 
and type 548; The Ilford Dl, Cl, and C2; and also in their own specially 
prepared emulsions. In each plate fading of the track is perceptible after 
1 day, and is severe after 1 month. The phenomenon is especially marked 
when the tracks are produced by protons. LaPalme and Demers report 
that the fading is much faster when the plates are stored at 42°C, and 
that at low temperatures, such as that of Dry Ice (—85° C), the fading is 
too slow to be observed in several months. 

On first consideration the rapid fading of the latent alpha- 
particle image appears to be anomalous when compared with the 
general stability of the optical latent image. Successful devel¬ 
opment of negatives 10, 20, and even 30 years after the initial 
exposure are on record. 1 "’ 1 In these unusual instances the films 
were found in polar regions, at the camp sites of lost arctic ex¬ 
plorers, and the favorable conditions of low temperature and 
humidity may have been important factors in the preservation 
of the optical latent image. In contrast to the general stability 
of the optical image on fast negative emulsions, the latent image 
on low-speed emulsions, particularly positive printing papers, 
begins to fade shortly after exposure and progresses rapidly on 
further delayed development. N1 

Blair and Hylan B27 found a distinct decrease in the optical latent image 
on delayed development and also discovered that the effect was accentu¬ 
ated in plates desensitized to light with pinakryptol yellow. The work 
of Lauda r - 21 on pinakryptol yellow desensitized plates likewise shows that 
the dye accelerates fading of the latent alpha-ray image. Fading of the 
optical latent image was observed to increase with high temperatures of 
storage both in the studies of Blair B27 and in the independent investi¬ 
gations of Burton. B48 In a series of studies on the fading of the optical 
latent image, Emmermann E3 observed that the rate increased as the silver 
iodide content of the emulsion was augmented, and that in plates of fixed 
composition the effect was accentuated by conditions of high temperature 
and humidity. 
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Fading is accelerated by storing the exposed plates in warm 
air saturated with water vapor. The experiments of Yagoda 
and Kaplan, Y19 summarized in Fig. 19, show that an exposure 
of 10 7 alpha particles per cm 2 can be completely obliterated by 
overnight exposure to air at 35° C saturated with water vapor. 
Although the emulsion absorbs a considerable volume of water, 
the rapid fading of the latent image cannot be attributed to 



• Ambient conditions, 25° C and low humidity. 

O Eradication conditions, 35° C and saturation humidity. 

Eastman NTA emulsions coated 30 microns exposed to a total of 5 x 10 7 
polonium alpha particles per cm 2 . Two exposures were made on each 
plate, the photographic density of the second one, made just before de¬ 
velopment, serving as a control. Test plates developed in full strength 
Eastman D19 at 20° C for 2 min 


swelling of the gelatin, as direct immersion of the emulsion in 
distilled water for 1 hour causes only a 6 per cent loss in photo¬ 
graphic density after drying and development. This behavior 
suggests the occurrence of a simultaneous oxidation process. 
The fading rate is further augmented by introducing small con¬ 
centrations of hydrogen peroxide into the water above which the 
plates are stored. After 4 hours’ exposure above 3 per cent 
hydrogen peroxide the latent alpha-particle image is completely 
obliterated. Alter this treatment, desiccation of the plate re¬ 
stores the emulsion to its original sensitivity. 

Mechanism of Spontaneous Fading. In her original descrip¬ 
tion of the fading phenomenon Blau >>*» suggests that the alpha 
particles cause disturbances in the crystal structure of the silver 
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bromide which reach a maximum after initial passage of the 
projectile, and then, by a recrystallization effect, the original 
distortion diminishes and causes fading of the image on delayed 
development. LaPalme and Demers L12 are of the opinion that 
fading should result in part from evaporation of active specks 
in the silver bromide crystals. 

The pronounced acceleration of fading caused by traces of 
hydrogen peroxide suggests that this reagent might be an impor¬ 
tant factor in the spontaneous fading of track structures. Hy¬ 
drogen peroxide is produced during the decomposition of water 
by alpha particles. Under normal conditions the emulsion con¬ 
tains about 5 per cent moisture. Calculations based on an 
assumption of a yield of one molecule of H 2 0 2 per ion pair show 
that in the minute channel of 3.5 X 10 -17 ml traversed by the 
polonium alpha particle a concentration of about 2 per cent 
H 2 0 2 can be generated during the radiochemical decomposition 
of the water. On delayed development the hydrogen peroxide 
has opportunity to diffuse into the silver bromide grains. Col¬ 
loidally dispersed silver is known to dissolve readily in hydrogen 
peroxide, and the fading is probably caused by resolution of the 
silver specks believed to constitute the latent image. 

This mechanism is consistent with the higher rate of fading 
observed when the plates are stored in warm humid atmospheres. 
It also conforms to observations that fading is more pronounced 
in emulsions of high gelatin content. The proposed mechanism 
explains the greater stability of the latent alpha-particle image 
when the dry plate is stored in a desiccator at reduced tempera¬ 
ture. The radiochemical behavior of other densely ionizing radi¬ 
ations on water has not been investigated, but it is possible that 
protons also furnish an appreciable yield of hydrogen peroxide, 
as this compound has been detected among the decomposition 
products of water irradiated by x-rays and beta particles. 

Preservation of the Latent Image. The fading of the latent 
image does not enter as a significant factor during short expo¬ 
sures of sources of appreciable activity. The question arises, 
however, if a fading of the older tracks takes place in continuous 
exposures of long duration. Experiments with radioactive min¬ 
erals emitting about 20 alpha particles per sec per cm 2 show that 
the photographic density of the image increases linearly during 
a period of over 2 months, if the camera is kept in a desiccatoi 
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charged with anhydrous calcium chloride. However, fading can 
be very serious in exposures made during the humid summer 
months, particularly when the flux of alpha particles is low and 
the plate is in contact with moist air. 

The investigations of Lauda L21 demonstrate that fading is 
reduced by storing the plate in an evacuated vessel. In practice 
this method is objectionable as under prolonged reduced pres¬ 
sure the gelatin dries excessively and the emulsion may peel away 
from the glass support. Also, when radioactive minerals are ex¬ 
posed under reduced pressure the diffusion of their emanations 
is accelerated, and the loss of radon or thoron upsets the com¬ 
putation of the radioactive metal content which is based on the 
assumption that all the members of the series are present in the 
polished surface in their equilibrium concentrations. 

Controlled exposures demonstrate that, by storing the plate in 
dry air at atmospheric pressure and reducing the temperature to 
about 5° C, the high-concentration silver bromide emulsions such 
as Eastman NTA do not exhibit appreciable fading, even when 
the disintegration rate is as low as 20 alpha particles per cm 2 
per day. In order to avoid reticulation of the chilled gelatin 
during development at 20° C, it is good practice to remove the 
desiccator from the refrigerator about an hour before the termi¬ 
nation of the exposure. Under these conditions track fading is 
not appreciable at the end of 66 days, and it is probable that 
quantitative recording could be prolonged for even longer periods. 
The investigations of La Palme and Demers L12 indicate that bv 
storing the plates at Dry Ice temperature the latent image of 
the tracks persists for several months. The early work of 
Wilkins" 10 shows that photographic emulsions can be processed 
successfully even after their immersion in liquid air. 

It is of interest in this respect that very low temperatures have no 
measurable influence on the stopping power of metals for alpha radiation 
On the basis of von Weizsacker’s theory of atomic stopping power a 
c lange of about 6 per cent per conduction electron is anticipated for 
aluminum when the temperature decreases from 300° to 20° Kelvin In 

~° nt ° XP :; n rr by Gcmtsr ' r ' B# variation in the stopping power 
o aluminum and t.n for polonium alpha particles was observed even when 
those metals were chilled down to liquid helium temperature 

In a more recent independent study of alpha-track fading l, v 

aragg. anti Albouy a 10 per cent fading effect was observed 
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when Ilford-type C2 plates were stored on ice during a period of 
90 days between exposure and development. In control plates 
stored at room temperature the developed tracks exhibited a 
70 per cent reduction in grain density after only 8 days of de¬ 
layed development. Using Eastman NTA plates stored at 0°, 
20°, and 40° C, Lamb and Brown L31 report a 10 to 40 per cent 
i eduction in track count following a 46-day delay in develop¬ 
ment. The emulsions employed in these investigations contained 
their normal moisture content and the appreciably greater fad¬ 
ing rates reported are attributable to variable quantities of hy¬ 
drogen peroxide generated by the radiation. It is noteworthy 
that the rate of hydrogen peroxide production is catalyzed by 
the presence of halide ions in the irradiated water. A study of 
the phenomenon by Krenz K23 shows that I" is more effective 
than Br _ which in turn produces a higher yield than Cl~. 
The fading rate observed in emulsions may, therefore, also be 
dependent on the extent to which excess soluble salts are re¬ 
moved during manufacture. 

BACKGROUND ERADICATION 

W ithin the limitations of the fading phenomena, nuclear-type 
emulsions record continuously the tracks of all densely ionizing 
radiations that traverse the plate. At the time of development the 
total track count exceeds the number of particles originating from 
the experimental source by a complex factor dependent on the 
age ot the plate and the duration of the fading cycle under the 
conditions of storage. The recorded background radiation origi¬ 
nates chiefly from radioactive contaminants present in the glass 
support and the components of the emulsion layer. The auto- 
registration of alpha-particle tracks originating from impurities 
in the glass backing was first noted in the early work of Tay¬ 
lor. 110 It may be augmented slightly by variable amounts of 
radon and thoron, which diffuse readily through the cardboard 
boxes in which the plates are delivered. At sea level the track 
contribution by cosmic radiation is negligibly small. 

Owing to fading during normal storage the population of tracks 
is usually below 500 per cm 2 of blank emulsion area. The blank 
correction is negligible in most radiochemical analyses where the 
radiation from the source contributes 10,000 alpha-particle tracks 
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per cm 2 . In autoradiography the l)lank population is entirely 
negligible in comparison with the 10 7 alpha particles necessary 
for the formation of a visual image. However, in making meas¬ 
urements on feebly radioactive materials having an activity of 
the same order as the background, the variable blank population 
becomes an important factor in the interpretation of the net track 
count. The proper approach to this problem is to eradicate the 
accumulated background tracks prior to experimental exposure 
While this procedure is more laborious than the mechanical re¬ 
setting of the tally meter on a Geiger counter, it can be achieved 
by the following procedures: 

Eradication by Oxidizing Solutions. The destruction of the 
latent image of densely ionizing particles by processing the emul¬ 
sion with dilute solutions of oxidizing agents has been investi¬ 
gated by Perfilov.™ Using the fine-grained emulsions prepared 
by Zhdanov, Perfilov found that the background tracks can be 
destroyed by bathing the plates for 15 min at 15° C in aqueous 
chromic acid solutions containing 0.125 to 0.333 g of CrO-, per 
hter. This pretreatment did not increase the subsequent rate of 
fading of incident alpha-particle tracks. I„ a continuation of 
these studies, Perfilov 1>u concludes that the emulsion does not 
ose its sensitivity to protons as a result of background eradica¬ 
tion with dilute solutions of chromic acid or potassium per- 
manganate. 1 

Powell and collaborators ™ have likewise found that by em¬ 
ploying more concentrated solutions of chromic acid, the back- 
giound eradication is accompanied by desensitization of the 
Plate to protons. Treatment of Ilford plates in 2 per cent chro 
m.c acid solution renders proton tracks very diffuse without de¬ 
stroying the sensitivity of the emulsion to alpha particles This 
technique is serviceable in recording the tracks of densely ioniz 

ng Pai tides in the presence of predominating neutron and 
gamma radiations. ulron and 

Licbermann and Barschall »» have demonstrated that the fo, 
background of optical-type emulsions can be removed by deve 

After „,Lg .„d drv ” 1 

.ble ,s recording meS L ° T ,T "" sc ™“‘ 

Rhh “* - ..- *ppiw SiizrrerS: 
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cation to the Eastman-type 548-0 emulsion. After this oxidiza¬ 
tion procedure these plates become desensitized to alpha par¬ 
ticles but record tracks from the fission fragments of uranium. 

The applicability of the Liebermann-Barschall method in the 

eradication of 100-micron-thick Ilford-type C2 plates has been 

investigated by De Felice,® 12 who showed that the oxidation 

alters the sensitivity of the emulsion. After eradication alpha 

tracks from uranium exhibited a 20 per cent reduction in grain 

density as compared with tracks developed in the untreated 
control plates. 

These methods of background eradication are impractical 
when the emulsion is to be employed as a recording medium for 
low levels of alpha-particle activity. The reagents and wash 
waters must be specially purified in order to prevent adsorption 
of radioactive contaminants by the emulsion. 

Eradication by Hydrogen Peroxide Vapor. In the studies of 
the factors controlling fading of the latent image it was demon¬ 
strated that the rate was greatly accelerated by exposing the 
emulsion to water and hydrogen peroxide vapors. This provides 
a convenient method of background eradication which avoids 
contact of the emulsion with solutions and thus minimizes radio¬ 
active contamination. The following procedure has proved 
effective: 

The plates are stored at room temperature in an atmosphere saturated 
with water vapor containing traces of hydrogen peroxide. Slotted wooden 
boxes designed for the storage of 2 X 3-in. microscope slides provide a 
convenient housing for the eradication. The box and cover are impreg¬ 
nated with hot paraffin wax, and the floor is fitted with a slab of porous 
file. The 3-in. plates, coated about 25 microns thick, are supported on 
edge by the grooves in the walls and rest about 5 mm above the tile on two 
glass-rod runners. The tile is saturated with full-strength 3 per cent U.S.P. 
hydrogen peroxide solution when rapid eradication is desired (3 to 4 
hours). It is usually more convenient to eradicate the plates by overnight 
exposure to the vapors from a 0.1 per cent hydrogen peroxide solution. 
Prior to experimental exposure, sensitivity is restored by placing the 
slides in a large desiccator and passing a stream of dry air through it for 
about one hour. When this procedure is applied to emulsions 50 to 100 
microns thick, peeling may occur, and the rate of air flow should be 
reduced to avoid excessive drying. 

In making overnight eradications it is essential to reduce the 
concentration of hydrogen peroxide in the solution. After 18 
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hours above a 3 per cent solution the sensitivity of the emulsion 
is reduced, and alpha-particle tracks developed from subsequent 
exposure exhibit increased mean grain spacing. The tile should 

be examined periodically for the presence of mold. Mold has 
been observed to develop in the enclosed box during the summer 
months. On one occasion, when some unused plates were left in 
the eradicator box for several days, a mold growth was detected 
on the emulsion itself. This is particularly noteworthy as an ap¬ 
parent exception to the well-known oligodynamic effect of silver 
compounds on t lie growth of microorganisms. 

Emulsions subjected to this eradication procedure exhibit a 
residual alpha-track population of 0 to 3 per cm- if developed 
immediately after drying. These residual tracks are probably 
formed during the drying period as the plate regains its sensi¬ 
tivity. If a series of eradicated and dried plates is stored in a 
desiccator at 5° C, and individual members are developed suc¬ 
cessively, the population of single tracks and alpha-ray stars 
increases linearly with time. The population of single tracks 
accumulates at a rate of about 8 to 80 per cm 2 per day. The rate 
varies with emulsion purity and thickness. The minimum rate 
was observed in a special emulsion coated on a cellulose acetate 
backing. This indicates that a substantial proportion of the 
backs originate from radioactive impurities in the glass support 
The alpha-ray stars originating from the successive decay of 
members of the thorium series accumulate at a rate of about 
0.3 per cm- per day in emulsions 40 microns thick. The method 
ot eradication does not interfere with the development of the 
normal background fog. These fog grains define the upper and 
ower surfaces oi the gelatin layer, and their presence is essen¬ 
tia ,n reconstructing the orientation of the particle trajectory 
in the oiiginal emulsion layer. 


LIMITING SENSITIVITY 

The rate of background-track accumulation is reconcilable 

\wth the presence of about 10' 1 - n-n-t n f m r • ‘ e 

. i- , . L iyj P ai t oi radium in the Hass 

backing, and about 2 v in-7 {) . 

‘■’n^of ]iffe Ugl t tlle P 'T iSe ValUGS may vaI y^soniewliat in‘emuT 
sums of different manufacture the lower limit of quantitative 

track-counting method, is se, by ,hc,c low levels of intern,, 



112 


ALPHA-PARTICLE PATTERNS 


contamination. The presence of thorium in the gelatin is indi¬ 
cated by the formation of alpha-ray stars with component track 
lengths corresponding to the ranges of members of the thorium 
series. If radium is present in the emulsion, it will also give rise 
to multibranched stars, but, owing to the aggregation of radium 
sulfate as insoluble radiocolloids, the bulk of this element is 
probably removed during the clarification of the gelatin. 

Studies on track growth in eradicated emulsions coated on 
glass plates show that a background growth of 20 to 60 tracks 
pci cm accumulates per day as a result of autoregistration. The 
impurities giving rise to the tracks are distributed fairly uni- 
foimly, and the population of background tracks counted on one 
portion of an emulsion serves as a correction factor on measure¬ 
ments made on adjacent portions cut from the same plate. Ema¬ 
nations in the laboratory air and radioactive constituents present 
on the walls of the supports and the desiccator may further aug¬ 
ment the blank alpha-track population. These external contribu¬ 
tions can be reduced by careful attention to detail: 

The traces ol radon and thoron can be displaced by passing a stream of 
tank nitrogen through the storage vessel. Plastic materials exhibit a 
lower alpha-track count than wood or metals and are employed advan¬ 
tageously in the construction of clamps and supports for the emulsion. 
The effective alpha-ray activity is limited to the surface of solids, and the 
rate of emission can be reduced materially by heavy coatings of purified 
paraffin. Desiccators in which highly emanating materials have been ex¬ 
posed retain a layer of active deposit and these vessels must not be em¬ 
ployed for the exposure of samples of low activity. In the measurement of 
activities of about the same magnitude as the background, the alpha 
particles originating from the impurities in the desiccant must be taken 
into account, and uncovered emulsions must be located so that alpha 
particles from the calcium chloride cannot reach the plate. By proper 
attention to these minutiae the total blank population can, in general, be 
maintained below 100 tracks per cm 2 per day of exposure. 


If the exposure is limited to 10 days, and a population of 500 
tracks per cm 2 is set as a lower limit for reasonably accurate 
track counting, the commercially available nuclear-type emul¬ 
sions prove to be recording media of extraordinary sensitivity. 
The data in Table 14 show that for long-lived elements, as 
samarium, a quantity as small as 10 _7 g can be determined 
quantitatively in radiochemically purified films of Sm 2 0 3 weigh¬ 
ing 1 mg per cm 2 . As the half-life of the element diminishes, 
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the sensitivity increases. In the measurement of polonium prep¬ 
arations, as few as 20,000 atoms of the element suffice for its 
determination. Under the stipulated conditions of exposure and 
souice thickness, disintegration rates exceeding 4x 10 -22 per 
•sec can be estimated. In a study of the Ilford Nuclear Research 
plates Broda"« also concludes that the method is extremely 
sensitive and states: “Limits of not more than lO' 23 per sec 
can fairly easily be set to decay constants.” In properly exe¬ 
cuted exposures in which the accumulated background is eradi¬ 
cated and fading of the latent image is inhibited, the nuclear- 
type emulsions permit the detection of alpha particles emitted 

from elements which disintegrate 100,000 times more slowly 
than thorium. J 


Iahi.k 14. Lower Limits of Quantitative Assay in Carrier Films 

Weighin'*; 1 mg/cm 2 


Element 

Disinte¬ 
grations 
per g per sec 

Carrier 

Uranium 

2.5 X 10 4 


Thorium 

2.7 X 10* 

Ce( I(K) 

Samarium 

89 

La2( );j 

Plutonium, Pu 239 

2.3 X 10 9 

LaF-t 

Radium 

3.7 X 10 10 

BaS( ).j 

Polonium 

1.6 X 10 14 

i 

Hi 

1 e 


Pun* 
Element, 

0.3 X 10~ 8 
3.0 X 10~ 7 
2.6 X 10~ 5 
1 .0 X 10“ 12 

6.3 X 10-“ 

1.4 X 10~ 17 


Percentage 

of 

Curlier 


0 

.009 


0 

.03 


2 

. 57 


1 . 

0 X 

10- 7 

6. 

3 X 

Ci 

1 

C 

1 . 

4 X 

10~ 12 



Chapter 5 QUANTITATIVE ASPECTS OF 
THE ALPHA-PARTICLE PATTERN 


Radioactivity is the least manageable of natural processes. It will 
not be hurried or controlled. Nature keeps the management of 
this particular department in her own hands.— J. XV. Mellor, 1025 


ALPHA-PARTICLE COUNTING 

The nuclear emulsion records tracks of all alpha particles that 
enter the recording medium provided that their residual energy 
exceeds a minimum value. Although the tracks of minimum dis- 
cernibility vary with the emulsion composition, sensitivity, and 
the microscopic resolution, it is unnecessary to consider the com¬ 
plex variation in ionizing power along the trajectory and the 
effective area of the counting chamber which are important fac¬ 
tors in electronic counting instruments. This simplifies the 
translation of the microscopically determined track count into a 
disintegration rate, as each track irrespective of length corre¬ 
sponds to the emission of an alpha particle by the source. 

I he processed plate carries a record of the number of tracks 
and also exhibits their approximate line of incidence into the 
original emulsion. Since the horizontal projection of the tracks 
is observed microscopically, and it is not practical to tilt the 
stage when the population is high, the visual track length will 
vary between the full range and a small fraction thereof, de¬ 
pending on the initial angle of incidence. The appearance of 
alpha-particle tracks under varying obliquities is shown in Fig. 
20. From purely geometric considerations particles entering the 
emulsion at right angles should appear dimensionless. However, 
after fixation the gelatin dries to a very thin layer and the ver¬ 
tical tracks become distorted, as shown diagrammatically in 
Fig. 48, Chapter 12. The visibility of these erect tracks is further 
enhanced, under dark-field illumination, by the light scattered 
from the compressed column of silver grains. With thin sources 
weighing less than 1 mg per cm 2 , over 90 per cent of the particles 
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and area placed either in direct contact with the emulsion when 
the film is coherent, or situated a minute measured distance from 
it when the film is of powdery consistency. The sample may be 
an infinitely thick solid” with its polished surface in direct 
contact with the emulsion. Finally, the source can be incor¬ 
porated within the emulsion by allowing a measured volume of 
known concentration to evaporate on the plate. Each of these 
methods has its specific advantages and a set of special geometric 
considerations for the conversion of the track count into a dis¬ 
integration rate. 

It is advantageous to expose thin sources in direct contact with 
the emulsion in order to enhance track visibility. This is par¬ 
ticularly important when the particles are ejected with low kinetic 
energy. The thickness of the film source is also governed by the 
disintegration rate and experimental difficulties of preparing and 
weighing exceptionally thin deposits. 

The radiation emerging from a thick solid is composed of a 
large percentage of particles with reduced energy, and these 
sources are not conducive to precise track counting. Also, the 
effective range in solids must be computed from a relationship 
of approximate validity. This introduces an equal uncertainty 
in the equations connecting the track count with the rate of 
disintegration. The conversion factor becomes the more impor¬ 
tant the greater the film thickness, and is of maximum value for 
an infinitely thick solid. However, the information to be gained 
from measurements of the activity of individual segregates on the 
polished surface often compensates for the lower degree of ac¬ 
curacy. 

The loaded-emulsion technique, when applicable, has certain 
marked advantages, such as ability to distinguish between single 
and multiple disintegrations. Since the source is disseminated 
ionically within the emulsion the majority of the tracks are of 
full energy. The technique also permits the visualization of the 
mechanism of nuclear reactions, the identification of-the ejected 
particles and provides an estimate of their energies. 

In the formulation of equations correlating track count with 
the number of disintegrations in the source, the following symbol¬ 
ism, more or less standardized in other counting methods, is 
adopted: 
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nr 


L 

W 

h 


m 

A 

d 

J 

It 


T = 
/ = 

P = 

C L = 

C,. = 

Mr = 
5 = 

T a = 

P = 


- length in cm of a rectangular source. 

= width in cm ot a rectangular source. 

= height in cm subtended by channel in the ocular scanning 
disk. h 

= total mass of source in grams. 

= total area of source in cm 2 . 

= density of source in g per ml. 

= time of exposure in min. 

= effective mean range of alpha particle system in dry air 
at 15° C. ‘ 

= thickness of source in equivalent air-cm. 

= distance between source and emulsion in air-cm. 

= track length in air-cm of minimum discernibility. 

= number of tracks in a complete traversal along a line 
parallel to L using a slit h cm high. 

: average of a series of parallel traversals. 

: total number of tracks recorded during exposure. 

: number of disintegrations in the source during exposure, 
number of alpha particles escaping per second from unit 
surface area of an infinitely thick solid. 

recorded population of tracks per cm 2 of emulsion surface. 


THIN SOURCES 

A radioactive source is considered thin when its effective thick 
twss T is less than R. The mechanical thickness or weight per 
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film on riT raC h l egiStrati ° n fr ° m px,crnal ,hin sources. Showing powder 

, on glass backing separated from emulsion hv a small air gap /Til 
clearance is provided by narrow cardboard or metal spacers tlnl-k 

unit area varies with the permeability of the carrier but will in 

fan I 1 ?! b 2 mg Per cm2 ' Consider a uniform rec¬ 
tangular thin source separated by a small air gap from the re 

cording emulsion as indicated in Fig. 21. Alpha particles origi- 
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nate from all points in this source and are directed at random 
towards the emulsion or into the support. Alpha particles 1, 2, 
and 3 will record tracks in the emulsion, whereas particle 4 origi¬ 
nating from the bottom of the source and making a small angle 
with it will be absorbed internally and, like alpha particles 5 
and 6, will not be recorded. Geometric considerations, the details 
of which are discussed by Evans 1011 * 14 in conjunction with the 
alpha pulse counter, show that: 




t 4-21 
~ 2(R - p ) 




It is evident from equation 16 that l is an important factor in 
governing the proportion of alpha-particle tracks recorded by 
the emulsion. When compact films prepared by the Parlodion 
method are employed, / is reduced to zero, making the conversion 
factor k w smaller, and enhancing the visibility of the tracks. 
The effect of varying l on the value of k w is exhibited in Table 
15 for several of the more common carriers. 


Table 15. Effect of Air-Gap Variation on Conversion Factor 

(Films weighing 1 mg/cm 2 ) 


Compound 

U 3 O* 

Pb0 2 * 

S 1112 O 3 


13.7 

13.0 

11.2 

t in air-cm 

0.228 

0.241 

0.270 

(it - P ) 

2.00 

3.00 

0.20 


/. 

A 

fC y 

kw 

No gap (l = 0) 

2.11 

2.08 

3.76 

0.05 cm gap 

2.17 

2.12 

5.77 

0.10 cm gap 

2.23 

2.16 

11.5 


* Pb (>2 film carrying RaD + E and RaF in equilibrium. The alpha particle ; 
from RaF are under consideration. 

If it were possible to scan the entire emulsion and count each 
individual track no further computations would be involved. 
This is not a practical procedure with sources of appreciable 
dimensions, and n r must be determined indirectly by a restricted 
count on representative areas of the emulsion. The tracks are 
distributed at random, and, when l is about 0.05 air-cm, 98 per 
cent of the tracks are confined to an area of the same dimen- 
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sions as the source. The distribution of the tracks can be 
visualized from considerations on a point source held slightly 
above the emulsion. The emission of alpha particles is statis¬ 
tically the same for any one direction, but the track population 
at a given point in the emulsion varies inversely with the square 
of the distance from the source. As a consequence, the bulk 
of the tracks concentrate in the immediate vicinity of the point 
source. hen the source is of finite dimensions, the additive 
result of the constituent point sources is the production of a 
densely populated core surrounded by a penumbra with a low 
track population. To include all tracks, the stage is set a short 
distance beyond the densely populated core, and a complete 
traversal is made tallying all tracks C L between the starting 

point and the corresponding position at the opposite end of the 
slide. 

Studies of the track distribution along a path parallel to L and con 

Sbl' V ‘t .h reSPe v ‘I’ 0 S ° Urte shows that t,le Population is inappre- 
< able at the initial and terminal points. The instantaneous population 

Thesp y P ,° mt a 0DK L . eXhibitS ma,ked fixations from the mean 
these fluctuations are typical of all radioactive measurements and tend 

t in erase out to a nearly constant value per complete traversal when a 

sufficiently large number of tracks is tallied. The total track count alone 

tion7± VT ‘ S TT’ r hin ,He limitati0ns of ,ho st “tistical fluotua- 
source. f ° r 6 P “ ‘ S adj01nm « tlle extreme edges of the 

As the gap between the source and the emulsion diminishes 
the extension of the sampling plateau increases and reaches a 
' alue approximating W when both are in direct contact Hori¬ 
zontal counts through the plateau region are proportional to the 
otal number of particles directed towards the emulsion When 
the air gap does not exceed 0.05 cm, and the source is 20 mm 
wide, the plateau extends for 5 mm on each side of the center 

°t 7 fluctuatl0ns ln Cl - ln a series of counts through the 
entral 10 mm of the emulsion are exhibited in Table 16 Tn 

exposures with external powder films the uncertainty in C is 

± -3 per cent. \\ hen the counts are made on a uranium- 

oaded emulsion, as in analysis B, the track distribution is more 

uniform, and the counting error is reduced to ±1.2 per cent 

The tracks are counted under dark-field illumination using 

a X dry objective whose aperture is reduced by suitable dark- 
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Table 16. Track-Count Fluctuations 


Exposure 


A 



B 


Source 

(lap 

External Film of UsOg 

0.05 cm 

Emulsion Loaded with 

(U0 2 ) ++ 

None 


C L 

0 Cl - C) 

(Cl - Cf 

Cl 

0 C L - C) (C L - 


319 

+23 

530 

235 

0 

0 


305 

+9 

81 

249 

+ 14 

196 


289 

-7 

49 

220 

-15 

225 


311 

+ 15 

225 

239 

+4 

16 


320 

+24 

575 

240 

+5 

25 


301 

+5 

25 

241 

+6 

36 


275 

-21 

440 

233 

-2 

4 


255 

-41 

1680 

237 

+2 

4 


305 

9 

81 

234 

-1 

1 


282 

-14 

196 

220 

+ 15 

225 

<r * 

C 

2962 

168 

±6.58 
296 ± 7 

3882 

2348 . 

±2.86 

235 ± 3 

732 

Percentage Error 

2.3 



1.2 



*<r = 



v n (Cr — C) 2 

— -—--—, in which n represents the number of traversals 

n(n — 1) 


field stops.* For track-counting purposes, ample illumination 
is secured with standard substage condensers provided with a 
dark-field disk. The tracks are counted in a restricted area of 
the microscope field with the aid of ocular diaphragms. An 
opaque disk, such as illustrated at A in Fig. 22, facilitates count¬ 
ing as it reduces eye shifting and prevents distraction by other 
occurrences in the microscope field. The mechanical height of 
the channel resides between 3 and 6 mm, the selection depending 
on the track density. When the magnification is about 500X the 
distance subtended on the emulsion is of the order of 0.01 cm. Its 
exact value h is determined with a stage micrometer or prefer- 


* The reduction of the aperture is of paramount importance in quanti¬ 
tative track counting. It increases focal depth so that all tracks, irre¬ 
spective of their position in the gelatin layer, are brought into view with 
one focal setting. When the exposure is made with an external source 
the tracks reside close to the upper surface of the gelatin. In loaded 
emulsions, the tracks are usually distributed throughout the entire thick¬ 
ness of the gelatin, and with a sharply focusing lens the tracks outside the 

focal plane may escape detection. 
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ably with the aid of a ruled grating containing 10,000 lines per 
in. As each track enters the channel it is recorded on a hand 
tally of the type commonly employed in counting dust particles 
or blood cells. When a track is partially obscured bv the 
frame, it is given a full count provided a sufficient length is 
visible in the channel to permit its recognition as a track. In 
counting alpha-ray stars, as in emulsions loaded with thorium 
the ocular may be rotated to a position where the multiplicity 



A. Metal di.sk 
Glass disk 
emulsion. 


with narrow channel for 
with ruled net for track 


continuous traversals, 
counting in a fixed area of 



Oi the event is in complete view and may then be brought back 

to its original position with the aid of markings on the lens and 
microscope tube. 

I he number of tracks jecorded on the emulsion is evaluated 
from the average count C by the relationship: 


cir 

Hr = - 

h 


(17) 


Hie disintegration rate is expressed bv: 


2 n r 
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(18) 


2(fl - p) 


the t T. S ,° UrCe , ^ dep ° sited a * a circular film of radius r 

o estlbfeh"tt'e rr traCkS = ” Cr/2h - " * difficult’ 

of t,-ack A ! ti Cente '' ° f a ^-W«>atum circular field 
tiacks. Also, the conventional mechanical stage permits con- 
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venient sampling along only one major diameter. Because of 
these limitations, rectangular-shaped sources are advantageous 
in quantitative track counting. 

When the source is 5 cm long a single traversal can be made in about 
5 to 15 min, depending on the relative abundance of the tracks. The 
exposure should be adjusted so that the count per traversal does not 
gieatly exceed 500. In the analysis of samples of unknown activity the 
first exposure is necessarily a guess. Its misjudgment can be corrected 
over a narrow range by altering the dimensions of Hie counting channel. 
When the emulsion is greatly overexposed, the stationary field method of 
counting described in the following section will yield an approximate value 
adequate for the calculation of a suitable exposure period. In traversing 
the identical path different observers usually check within ±1 per cent. 
The discrepancy resides in the judgment of tracks of minimum discernibil- 
ity and their confusion with occasional configurations of fog grains that 
simulate a short track. 

The magnitude of the total track count is governed by tlie 
degree of precision sought in the analysis. Almost all carrier 
fractions are of somewhat uncertain purity, and a precision ex¬ 
ceeding 3 per cent is seldom justified. By counting 1500 tracks 
the statistical uncertainty will be below 3 per cent. A simple 
count of this magnitude can be made by an experienced ob¬ 
server in about 30 min. If the fluctuation error must be kept 
below 1 per cent, as is necessary in the determination of the 
decay constants of purified carrier-free radioelements, more than 
10,000 tracks must be counted. This is an arduous task. The 
eye should be allowed to rest between traversals, and the color 
of the illumination should be altered occasionally by placing 
suitable filters in the optical system. 

In counting tracks from feeble sources it is necessary to correct 
for the background tracks arising from impurities in the emul¬ 
sion. In analyses of this type the center portion of a 9-in. plate 
serves as a monitor for background growth, and the adjoining 
end portions of the plate are employed in the experimental ex¬ 
posure. If the blank count is C b , and the total count produced 
by the sample and background is C t , then the probable error 
of the determination is: 

0.6745 VC t + C b 


C t - C b 



thin sources m 

l Jring background-eradicated plates and an exposure of 100 
hours, traversals of 0.1 cm 2 area may yield typical counts of 
(\ = 10 and C, = 50 in a sample of low activity. The uncer¬ 
tainty of the count is over 13 per cent. By increasing the areas 
surveyed 10-fold, the uncertainty is reduced to 4 per cent. In 
order to maintain the statistical uncertainty below 3 per cent, 

over 1000 tracks must be tallied on the sample plate and 200 
tracks on the monitor. 

The smallest track length detectable by a particular emulsion 

and system of microscopy is best determined experimentally \ 

% 



5 for determining track length of minimum 
discernibilitv. 


non-colhmated point source of polonium is supported a measured 
stance of about 5 mm above the center of the plate and ex¬ 
posed for about 1 hour. The exposure is made inside a desiccator 
and the temperature and pressure of the drv air are noted On 
development directly beneath the source a dark spot is produced 
whose visual blackening gradually diminishes over a radius of 
several millimeters. Two fine lines are scratched on the gelatin 
teisectmg at right angles through the center of the black circle, 
and this point is located under the microscope. 

As the slide is moved away from the center the number of 
tracks per field and their length diminish, and a point P is 

from Se"forb "I! 7 Sh0, 'l ‘T' 8 arC reC ° rded ’ just distinguishable 

bom the fog background. At this point the alpha particles enter 
he emulsion at small angles to the plane of the emulsion and 

lengths 0 "? 11 ? 'Trr ^ Praetical] y identical with their full 

air-centimeters, calculate the distance .SP of Fig. 23 TeJtl 
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lishecl by the stage setting and the height of the source, and 
reduce this to an equivalent length at 15° C and 760 mm Hg 
pressure. In the Eastman NTA emulsion the tracks of minimum 
discernibility measure 0.84 0.07 air-cm when examined under 

dark-field illumination at a magnification of 500X- 

Electronic instruments employed in counting alpha-particle pulses re¬ 
spond to rays with a residual air range of 0.5 cm. Tracks of even smaller 
residual range, such as 0.3 air-cm, can also be differentiated from the back¬ 
ground fog by examining the emulsion at 1000X nsing oil-immersion 
objectives of high numerical aperture. This procedure, however, is not 
practical in counting numerous tracks owing to the restricted depth of 
focus. 

In exploring a heterogeneous field of tracks, such as results 
from a normal non-collimated large-sized source, the eye be¬ 
comes accustomed to the longer tracks produced by the more 
energetic alpha particles, and the inexperienced observer may 
miss a small fraction of the shorter tracks. It is good practice 
to examine a field of minimum-energy tracks, under the same 
optical conditions employed in the counting, and to make note 
of the length and brilliance of these end-point tracks. 


THICK SOURCES 


A source is considered “infinitely thick’’ when its mechanical 
thickness exceeds the effective range ol the system of alpha par¬ 
ticles generated within the solid. In the evaluation of the num¬ 
ber of alpha particles escaping from the surface of a thick 
source, it has been demonstrated by Evans E14 that: 


Nu(R - P - Q 2 
4 (R - p ) 



In this relationship N is the rate of production of alpha particles 
per unit volume of solid, and u is the ratio of the ranges in the 
solid to that in air. In direct contact autoradiography, l = 0, 
and u is expressed by 0.0003194,/,/d, hence equation 19 simplifies 

to: 


N t - 

n r = — X 0.0003194 — (R - p) 
4 d, 


(20) 
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Converting to a rate of emission per gram of solid yields as the 
final relationship for the number of tracks recorded per second 
per square centimeter of emulsion: 

T a = 7.985 X 10-Vd/(/7 - p) 

When the radioactive constituents are distributed uniformlv 

% 

throughout the polished surface the tracks can he counted bv the 

% 

continuous traversal method. More often, the surface exhibits 
complex segregation, and the continuous method of counting is 




1 l<; - 24 ' Radiocolloid aggregate observed in a polished section of altered 
pitchblende from Cornwall. England. Dark-field photomicrographs at 

110X. dual exposure technique. 

A. l)ctad lrom visual image produced by 11-lir exposure. The Idgh 
loick population at core result., in a very dense silver deposit which appears 
Mack under dark-field illumination. 

11 1,1<nti< ' i ‘ l truck population resulting: from a 15-min 

exposure. riio number of track., is countable wl.cn the area is examine, 1 at 
higher magnifications. 


upphcaMc only if a rough average value of the activity suffice 
11,0 |,nn<,, l ,al advantage of the polished-section technique how¬ 
ever, resitles in its ability to differentiate the variable activity 
ol minute segiegates. 1 he track count per segregate is effected 
by locating the precise area on the emulsion and counting the 
number of tracks per unit area in the field. When the segregates 
exceed 1 mm in diameter, several stationary counts can he made 

and the average represents a measure of the alpha-particle activ- 
itv ot the particular inclusion. 
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With the aid of a ruled ocular disk similar to B in Fig. 22 up 
to 200 tracks per field can be counted conveniently. A suitable 
track population is produced by a comparatively brief exposure, 
whose duration is dependent principally on the magnitude of 
M, the specific activity per gram of solid. In general, it is con¬ 
venient to make two exposures on the same plate to facilitate the 
location of the tracks from a particular segregate. The initial 
exposure is prolonged until about 10 7 tracks per cm 2 are re¬ 
corded, followed by a second exposure adjusted for the registra¬ 
tion of about 5 X 10 4 tracks per cm 2 . The long exposure pro¬ 
duces a visual image of the segregates whose photographic density 
is an approximate measure of their activities. The second adja¬ 
cent exposure has a track population that can be estimated 
microscopically at about 500x magnification. The dual expo¬ 
sures are made by the methods described in Chapter 3, the part 
on microscopy of radiographic patterns, section entitled Exami¬ 
nation of Macro Images. The appearance of autoradiographic 
and countable exposures is exhibited in Fig. 24, as observed in a 
study of radiocolloid aggregates in a polished section of pitch¬ 
blende. 

As indicated in Chapter 3 the absolute surface of a polished 
specimen is not identical with its geometric area. In comparing 
the activity of different specimens the surfaces should have the 
same mechanical finish. Radioactive inclusions containing ra¬ 
dium or thorium X may lose a fraction of their equilibrium ema¬ 
nations during the mounting and polishing procedures. 

Comparative exposures between freshly mounted and aged polished 
specimens show that the track count is generally lower when the speci¬ 
men is exposed immediately after its preparation. Using a compact crys¬ 
tal of thorianite containing 74.8 per cent Th and 8.1 per cent U the 
track count increased 5 per cent when a second exposure was made 1 month 
after the mounting of the mineral. Since it is often not practical to delay 
exposure until equilibrium is reestablished the l a value of recently pre¬ 
pared radioactive mineral sections will tend to be lower than that cal¬ 
culated from equation 21. The loss in activity of grains in the same 
polished section is usually of about the same order of magnitude, and the 
resultant track counts present a fair measure of their relative activities. 
Measurements by Johnson J1 show that cellulose acetate films only 0.05 
air-cm thick are completely impervious to radon or thoron. This sug¬ 
gests that, by coating the polished surface with a thin layer of lacquer, 
the emanations can be retained with but little loss in the number of emer¬ 
gent alpha particles. 
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Gelatin is pre-eminently a substance with a history; its properties 
and its future behavior are intimately connected with its past. 

—C. E. K. Mees, 1946 

The atomic composition of the emulsion is controlled essen¬ 
tially by the relative proportions of silver bromide and gelatin. 
The composition of several emulsions which have been employed 
at different times in nuclear physics research are collected in 
Table 17. The constituents of low atomic weight such as hvdro- 

Table 17. Atomic Composition of Nuclear Emulsions 

Relative Number of Atoms 

Emulsion Type Ag Br 

Agfa K plate 1 l 

Ilford Halftone 1 1 

Ilford Nuclear 
Research 1 l 

Eastman Fine- 
Grain Alpha 1 1 

Eastman NTA 1 l 

Eastman NTA 
and NTB * 1 l 

Eastman 

NTC* 1 i 


11 

C 

X 

() 

S 

Data 

15 

0.0 

2.8 

3.5 

0.1 

Wambachor" 1 

15 

10.2 

3.1 

3.0 

0.1 

( , houdhuri < 13 

3.2 

1.0 

0.34 

0.87 

0.025 

Ilford Co. 

10 

0.1 

1.9 

2.3 

0.03 

Yagoda' 17 

2. o 

1 .5 

0.46 

0.56 

0.008 

Yagoda' 17 

2.08 

1.02 

0.50 

0.00 


Eastman Co. 

6.38 

3.83 

1.17 

1.02 


Kastman Co. 

*ii bv 

% W 

the East 
* • > 

man C 

’o. is expressed 

on tin* basis of 


wrif , 7n " • , . • ” ,un P iaw * a «* stored in an atmosphere of 

f 2 or 4 O ner cent T'*"" emuW «» «>"“!•» «» additional 

.- - -**.. -a ssas. 

gen, nitrogen and carbon are present in greatest proportion in 
erms of aya, able nuclei. External sources of radiation can 
. te act with these light nuclei, and the emulsion will record the 
Lacks of the ejected densely ionizing fragments. Thus fast 
neutrons w,11 record proton tracks as a result of elastic c< IlHon 
with hydrogen nuclei. Slow neutrons cause the registration of 

tion Co I?” traC f kS ariSing fr ° m U,e NU(n ’ P )CU ™clear reac- 
drn C IlS1 ° n 0f ener getic alpha particles with constituent hy¬ 
drogen atoms may also record proton tracks, but mcTc^n 
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they will he obscured by the preponderance of alpha-particle 
tracks. 

The nuclear-type emulsions can be employed advantageously 
in the study of other nuclear reactions when an adequate num¬ 
ber of target nuclei are incorporated into the gelatin. The ions 
can be incorporated by adsorption, evaporation, or during manu¬ 
facture of the plates.* Emulsions of this type are commonly re¬ 
ferred to as “loaded.” The term is somewhat misleading, as 
only a small concentration of foreign nuclei can usually be in¬ 
corporated without danger of destroying the sensitivity of the 
emulsion. 

The loading technique has received its chief application in the 
study of the cross sections of nuclear reactions involving the emis¬ 
sion of heavy charged particles. The methods employed in the 
study of neutron flux densities, fission rates, and mechanisms 
are described in Chapter 12. Radioactive atoms can also be in¬ 
corporated for the study of their alpha-decay rates. This proce¬ 
dure is advantageous, as very nearly all disintegrations are 
recorded by full energy tracks. The question of alpha-particle 
absorption within the source does not arise as the sample is dis¬ 
persed ionically. When the daughter elements, produced from an 
initial disintegration, also decay by alpha-particle emission, the 
event is recorded as a multibranched star. The loaded emul¬ 
sion is also employed advantageously in the study of radiocol¬ 
loid aggregation in dilute solutions. 

Loading by Adsorption. Loading is commonly effected by 
soaking the plate in a solution of the desired ions for about 5 to 
30 minutes, followed by a rapid rinse in water and drying in 
dust-free air. The atoms are thus dispersed uniformly through¬ 
out the plane of the emulsion. The concentration adsorbed is a 
complex function of a considerable number of variables, and it 
can only be anticipated approximately from a knowledge of the 


* The Ilford Research Laboratories will, on special order, incorporate 
0.031 g Li, 0.0079 g Be, 0.045 g B, or 0.27 g Bi per ml of their stock C2 
emulsion. The C2 emulsion contains 5 ml of glycerine added as a plasticizer 
per 30 g of air-dry gelatin and 190 g of silver halides. In laboratory loa - 
U operations of C2 plates part of the glycerine may be lost by diffusion 
into the reagent bath. The glycerine is further extracted during pho - 
graphic processing, and its volume must be corrected for in est.matmg 
the emulsion thickness from microscopic measurements of the res 
gelatin film (see Chapter 12). 



LOADED EMULSIONS 12<> 

solute concentration, />H, temperature, and time of immersion. 
The exact quantity adsorbed must therefore be determined by 
chemical analysis of a portion of the loaded emulsion. When 
the pickup is appreciable the quantity adsorbed may also be 
approximated by the following procedure: 

A cardboard tray with dimensions somewhat larger than the plate i< 
rendered waterproof by impregnation in molten paraffin. An accurately 
measured volume of the loading solution is delivered into the trav and 

the plate 18 i,lmlersed f °>- 30 min. The resi.hml solution is transferred 
quantitatively to a beaker; the tray is rinsed with distilled water The 
quantity of unadsorbed material can then he determined bv a suitable 
colorimetric or volumetric method of analysis for the element in nuo- 
Con. The amount adsorbed by the emulsion is obtained by difference. 

Evaporation Technique. The emulsion can also he loaded bv 
delivering a measured volume of known concentration to the 
surface and allowing the solution to evaporate to dryness. The 
weight of the material is thus known exactly, but there mav be 
some doubt as to the uniformity of deposition throughout the 
emulsion thickness. It is advantageous to incorporate a volatile 
solvent like methyl alcohol into the loading solution. A mixture 
composed of 7 parts of alcohol and 3 parts of water can he 
spread more uniformly over the gelatin surface, and, once de¬ 
posited, it evaporates faster than pure water. The alcohol a ho 
prevents the hydrolysis of certain heavy metal salts, such as 

samarium nitrate, which tend to form insoluble compounds in 
neutial aqueous solutions. 

The solution is delivered on the emulsion, covering bare spot* 

airin' 1 "* J °i ning <lr0PS " ith the tiP- An area of 

i • ’ , T T. " Ctte<l C " mpletely b - V 1 ™l <>f the solvent 
" „ r "it'iout danger of the solution’s overrunning the edges 

ic plate. 1 be emulsion dries in about 2 hours when sup¬ 
ported over a desiccant. During this period there is opportunity 
for interna 1 adsorption, but some surface concentration of the 
• -lute takes place, particularly when the solution is concentrated 
( uring the last stages of evaporation. This surface deposit in 
t.oduees an element of uncertainty in the evaluation of the track 
sintegration conversi 0 " factor. The method consumes a mini¬ 
mum of solution and is commendable in the study of spechllv 
purified or rare preparations. 
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Effect of Loading on Sensitivity. An important factor to con¬ 
sider in all quantitative work with loaded emulsions is the effect 
of increasing quantities of heavy-metal ions on the recording 
properties of the medium. This problem does not arise when 
carrier-free radioactive sources are incorporated into the emul¬ 
sion, as the concentration must be kept low in order to avoid 
overexposure. Trial experiments with samarium and uranyl 
nitrate solutions show that 0.24 mg of either Sm 2 0 3 or U 3 0 8 per 
cm~ can be incorporated in the Eastman NTA emulsion without 


altering its sensitivity to the alpha particles emitted in the decay 
of the respective elements. With the more active elements the 
concentration must usually be kept below 1 microgram per cm 2 
in order to avoid an excessive track population. 

Chromates and high concentrations of uranyl ions have a de- 
sensitizing action on the emulsion, and it is possible that a sys¬ 
tematic investigation would reveal the presence of numerous 
other desensitizers. Since emulsions of different manufacture 
differ in the quality of the gelatin and in the relative abundance 
of sensitivity specks, it is good practice to test each lot of plates 
after loading to make certain that the operation has not destroyed 
sensitivity. 

The investigations of Green and Livesey 021 and Demers I>9 
show that the loading operation in saturated solutions of uranyl 
acetate weakens or destroys the alpha-particle tracks from the 
decay of uranium. Experiments by Broda B44 show that when 
the plate is soaked in a solution containing 14 per cent lead and 
0.012 per cent uranium the emulsion becomes completely desen¬ 
sitized to alpha particles. In an investigation on the fissionabil- 
ity of lead and bismuth, Broda 1142 established that the presence 
of 0.082 mg of bismuth or 0.296 mg lead per cm 2 weakened, but 
did not obliterate, the tracks of fission fragments from admixed 
uranium. Caution must therefore be exercised in applying the 
loading technique to alpha-particle counting when the solution 
contains an appreciable concentration of heavy-metal carrier 
ions. 


As a check on the sensitivity of the loaded emulsion, it can be 
covered with a normal control piece, providing an air gap of 
about 0.05 cm between the two emulsions. The dry impregnated 
plate serves as an infinitely thick radioactive solid, emitting alpha 
particles into the monitor plate. If the sensitivity ot the loaded 
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plate is unaltered, the track counts on both plates will yield 
agreeing estimates of the concentration of the radioelement. 
Usually, when sensitivity is destroyed, the familiar microscopic- 
background fog is absent. The presence of alpha-active constitu¬ 
ents will, however, be indicated by the presence of tracks on the 
superimposed monitor plate. 

Certain constituents may have a beneficial effect on the sensitivity. 
According to Perkins 1 * 17 fading oi the latent image is reduced in emul¬ 
sions loaded with borax. Experiments with borax-loaded XTA plates Yl8 
show that it is difficult to eradicate the latent image by the usual expo¬ 
sure to hydrogen peroxide vapor. After 5 hours’ treatment only a 20 
per cent reduction in photographic density is effected, whereas in a control 
non-loaded plate eradication of the identical alpha exposure was com¬ 
plete after 3 hours. Borax combines with hydrogen peroxide to form a 
stable perborate, which may be a factor in the protective mechanism. In 

view of this behavior, however, the eradication process should precede 
loading. 

The high-concentration silver bromide emulsions record the 
tracks of alpha particles during the loading operation. As a 
result of continuous registration during stages of variable stop- 
ping power, the track length and mean grain spacing of certain 
tracks recorded when the emulsion was wet will differ materially 
from those recorded in the normal dry state. Tracks of altered 
mean grain spacing are particularly noticeable when the element 
decays rapidly, and an appreciable track population is accumu¬ 
lated during the period of immersion. Alpha particles originat¬ 
ing from layers of solution adjacent to the emulsion produce 
tiacks of reduced length. These factors are not serious in expo- 
suies with the more stable elements, as the exposure must be pro¬ 
longed m the dry state for several days and the population of 
the “wet” tracks is a small fraction of the total. 

The range of the alpha particles emitted by actinium has been 
investigated by \ igneron.' 10 His technique is of interest as illus¬ 
trating a general approach for rapid loading necessitated when¬ 
ever the parent element decays rapidly and the daughter products 
are short-lived alpha emitters: 

An Ilford-type C2 plate was immersed for about 1 min in a solution of 
actinium winch had been purified from accumulated decay products 8 min 

ho* nor :' P “, f'VT WSS effeC ' Pd by (tr ' hy<ir;lllr, K the loaded plate in 

I cent alcohol for 2 mm and drying in a stream of air After 33 

minutes exposure m a desiccator the plate was developed for 5 min and 
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track registration was terminated by the use of an acid stop bath. Under 
these conditions only a small percentage of the tracks were elongated, and 
among 800 actinium tracks only 40 radioactinium tracks were observed. 
The range distribution curve exhibited a fairly sharp maximum at 19.3 
microns, which, by comparison with polonium tracks measured in a con¬ 
trol plate, is equivalent to a range of 3.40 air-cm. 


Depth Penetration. The extent of depth penetration varies 
with different ions and is also dependent on the nature and pH 
of the solvent. West66 W28 has observed that in plates loaded 
by immersion in 0.3 per cent thorium nitrate solution con¬ 
taining the associated equilibrium products the Th + + + + and 
RdTh++++ ions are confined essentially to the surface of the 
emulsion whereas the ThX++ and ThB + + ions penetrated into 
the lower depths. These observations were indicated by the pres¬ 
ence of single alpha-particle tracks of range attributable to the 
decay of Th and RdTh nuclei only at the surface of the developed 
plates, whereas the interior exhibited stars stemming from the 
series decay of ThX and individual long tracks corresponding in 
range to the ThC and ThC' alpha particles. By adjusting the 
acidity of the thorium nitrate solution with hydrochloric acid to 
0.01 normal the depth penetration of the thorium ions increased. 
This was indicated by the registration of V-branched alpha stars 
initiated by RdTh with their centers a few microns below the 
emulsion surface. Substitution of absolute alcohol for water as 
the solvent reduces depth penetration, the position of the devel¬ 
oped tracks indicating only a superficial adsorption of the tho¬ 
rium ions. Westoo attributes these results to variation in the 
swelling of gelatin, which is most pronounced in acid aqueous 
media, and to the relative degrees of hydration of the several 
metallic ions. 

Ionium exhibits a similar behavior and tends to be adsorbed 
chiefly on the surface of the emulsion when the plates are loaded 
from neutral aqueous solution. Y17 The problem of penetration 
is particularly important when the radioactive ions are to be 
identified by range measurements. It is necessary that a large 
proportion of the atoms decay within the emulsion in order that 
full-length tracks be recorded. In many instances adequate depth 
penetration can be secured by incorporating about 5 per cent 
acetic acid into the loading bath. 
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Loading Mechanism. The mechanism of the pickup of ions 
from solutions has been studied in considerable detail by 
Broda. 843 - 44 He employed Ilford C2 plates impregnated with 
uranium by immersion in solutions of uranyl acetate of variable 
concentration, acidity, temperature, and admixed solutes. The 
quantity of uranium adsorbed was determined from the popula¬ 
tion of alpha-particle tracks recorded by the test plate after a 
fixed period of exposure. These studies show that the velocity 
of uptake decreases rapidly with time of immersion and gradu¬ 
ally approaches a saturation value. Broda observed that the 
absolute values of the uranium uptake exceed the values calcu¬ 
lated from the volume of the dry emulsion. When the plates 
are immersed in 0.12 and 5.5 X 10~ 5 molar uranyl acetate dis¬ 
solved in 5 per cent acetic acid, the uptake is 6.5 and 45 times 
greater than the imbibition volume of the emulsion. This indi¬ 
cates a definite adsorption mechanism in which the temporary 
expansion of the emulsion during impregnation is a minor factor. 
Further evidence favoring an adsorption mechanism was secured 
by studying the saturation uptake from solutions of varying 
concentrations at constant temperature. The track count, plotted 
as a function of ionic concentration, yields a curve similar in 
form to the well-known Freundlich adsorption isotherm. 

The uptake under constant time of immersion varies with the 

temperature of the solution. Broda’s data show that an increase 

m temperature from 3° to 32° C causes a 3-fold increase in the 

quantity of uranium adsorbed. In 5 per cent acetic acid media 

the uptake decreases, with diminishing uranium concentration 
as follows: 


Per cent U in solution 2.9 0.062 0.0062 0.0013 

mg U per cnr of emulsion 0.33 0.016 0.0025 0.0009 

The time spent in rinsing the plate with water does not alter the 

final uptake appreciably. However, if the loaded emulsion is 

bathed in 5 per cent acetic acid most of the uranium can be 
washed out. 

Broda’s investigations demonstrate clearly that loading is es- 
sentially an adsorption process. As such, the quantity adsorbed 

", depend on the relative proportions of silver bromide and 
gelatin, the particle size of the grains, and the thickness of the 
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emulsion layer. Available data, secured with a particular emul¬ 
sion, are therefore only a rough guide to the probable pickup 
by plates of other manufacture. In loading emulsions by im¬ 
mersion in solutions of different composition the uptake must be 
studied for each particular system in order to define conditions 
which will yield the desired concentration. 

During immersion the gelatin swells as the result of the im¬ 
bibition of water. It is desirable to keep swelling at the minimum 
in order to reduce mechanical strain of the emulsion. Under 
adverse ionic environment parts of the emulsion may enter solu¬ 
tion or even float off the backing. The effect of different com¬ 
pounds on the swelling of gelatin by water is well known from 
the classical studies of Hofmeister. His results may be sum¬ 
marized by stating that, for a given metallic cation, sulfates, 
citrates, tartrates, and acetates produce less swelling than chlo¬ 
rides, nitrates, or bromides. Thiocyanates and iodides should be 
avoided as they promote swelling and bring about an actual 
solution of the gelatin. When the atoms to be incorporated are 
available only in the form of anions, the lithium or sodium salts 
will tend to produce less swelling than the potassium or ammo¬ 
nium compound. Mineral acids and alkalies hydrolyze the gela¬ 
tin, and their presence in the bath must be reduced to a minimum. 

Geometric Considerations. When a radioactive source is in¬ 
corporated in the emulsion for purposes of quantitative assay, it 
is difficult to evaluate the precise value of the factor converting 
the recorded track count into a disintegration rate. Atoms lo¬ 
cated in the center of a thick emulsion are in a favored posi¬ 
tion, and each disintegration records a track. Ions adsorbed 
in planes close to the air or glass interface record tracks only 
when the alpha particle is directed through a length of emul¬ 
sion sufficient for the registration of a track of minimum discern- 
ibility. If it is assumed that the atoms are distributed uniformly 
throughout the thickness of the emulsion layer J, expressed in 
equivalent air-cm, then the total fraction of all disintegrations 
failing to record discernible tracks is p/2J. In emulsions 25 mi¬ 
crons thick, this factor amounts to about 9.4 per cent when p is 
0.84 air-cm, making 8 = 1.10/?,- This favorable counting geom¬ 
etry can be augmented by employing emulsions of greater thick¬ 
ness, but the track counting is rendered more difficult. 
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The emulsion thickness is not constant in different plates of the same 
package. In manufacture, the emulsion is poured on a single large sheet 
of glass. After setting, the center portion tends to be thicker than that 
along the periphery. When the master plate is cut, the thickness of 
individual test plates may vary by 30 per cent. The thickness of a par¬ 
ticular test plate can be closely approximated by microscopic measurements 
on the two adjoining end pieces from which the test portion is cut The 
mean of these measurements is representative of the average thickness 
of the center portion employed in the exposure. The emulsion thickness 

of n the SO trk Stlmat f d *. after its , d<,Velopment from m ’croscopic measurements 
of the thickness of the residual gelatin, allowing for the volume of the 

extracted silver halides, as described on p. 257. 

In emulsions loaded by evaporation the layer adjoining the 
air interface may contain a higher proportion of the sample than 
the interior, causing a diminution in the value of the recording 
iaetor. Die track-disintegration conversion factor can he deter¬ 
mined experimentally by evaporating on a test emulsion a solu¬ 
tion containing about the same concentration of carrier as the 
sample and a known quantity of uranium. The track population 
°. UQ \ )y 116 monitor furnishes a conversion factor for the 

skcst by ,i,c k ”'™ <*"'™™ 

Hetcrogenecms Loading. An ingenious modification of the 
loading technique has been described hv Demers. 1 ' 5 ’ 8 4 thin 
layer of an insoluble compound of the radioelement is deposited 
on the surface of the emulsion and is recoated with a second 
layer of gelatin-silver bromide. A track-disintegration convcr 
sum factor of unity is thus achieved. The method is of particular 
interest in the registration of fission tracks from uranium is 
film oi insoluble ammonium uranate, constituting the ’source 
delineates the point of track origin and permits measurements’ 
of the ranges of both fission fragments. The moil i .1 
prove applicable in measuring the fissionability of other heavy 

bnraide. Sine, tl ,e« ^ 

tion theie is less danger of the emulsion’s losing its sensitivity 
By moistening the plate with water, minute fragments of 
nuals or coarse powders can he embedded in the gelatin 

plate nif . <lunng thc ,11 '— 0 Pic examination of the 

Plate. By focusing into the gelatin layer, radioactive fragments 
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lOC^ 11^^ ^ l^ll tlic emission of alpha particles are readily identi¬ 
fied by a halo of radiating tracks as illustrated in Fig. 25. This 



Fir;. 25. Heterogeneous loading. Ash from aquatic plants sprinkled on 
emulsion exhibiting concentration of alpha activity in select fragments. 
Dark-field illumination, magnification 430X- This technique is particularly 
useful in testing feebly radioactive insoluble materials, as the direction of 
tlie tracks from the microscopically visible fragment eliminates possible 
confusion with occasional background tracks. The track-registration factor 
can bo doubled by mixing tin* test powder with molten emulsion at 35° C 
and spreading a layer over the surface of a nuclear-type plate. 


elegant method for the discrimination of radioactive and inert 
grains of microscopic dimensions lias been applied by Tyler and 
Marais' 1 - 4 in the study of radioactive soil constituents. 













Chapter 6 • RADIOCHEMICAL STUDIES 
WITH NUCLEAR EMULSIONS 


We may esteem ourselves fortunate that the detection of non¬ 
radioactive substances is less sensitive than that made possible by 
the radioelements. If we could see how many nuclei of dirt, dust, 
and disease are contained in the air we constantly inhale, we might 
be terrified and hardly dare to breathe. Nature in her wisdom has 
arranged matters so that in the course from the ponderable to the 
imponderable the limits of visibility coincide approximately with 
the limits of weigliability. Let us be thankful that it does not 
reach down to the individual atoms !—Otto Hahn, 1930 


INTRODUCTION 

In studies of radioactive systems containing atoms that decay 
with the emission of alpha particles the nuclear emulsion serves 
as a continuously recording counter. As such, the medium is a 
simple and inexpensive tool for measuring the activity of both 
uglily radioactive and feeble sources isolated in the course of 
radiochemical analyses of uranium, thorium, and samarium com¬ 
pounds, and of preparations containing the transuranium ele¬ 
ments. It affords an elegant means for determining the distri¬ 
bution of incorporated alpha-ray tracers in biological and metal¬ 
lurgical systems, and permits the visualization of the spatial dis¬ 
tribution of certain trace elements in synthetic single crystals, 
the method finds application in the laboratory study of radio¬ 
colloid aggregation and in the detection of these bodies in altered 

minerals, in synthetic crystals, and in the capillary structures 
°i plant and animal tissue. 

Considered purely as a counting device for alpha particles the 

nuclear-type emulsions can be substituted for electrical countine 

instruments in the study of diverse phenomena. When serving 

simply as a counter the methods will be described briefly, as they 

are well known and do not, in general, require modification when 

ie activity is measured photographically. Certain methods of 

autoradiography indigenous to the emulsion will be discussed in 
detail. 
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The densely ionizing alpha particle permits the visual detec¬ 
tion of a single atom in the process of radioactive decay. Even 
" ith the limitations set by the radioactive impurities in the 
emulsion it is possible to detect and estimate imponderable quan¬ 
tities of radioelements. It is therefore of the utmost importance 
to a\oid contamination of samples by the promiscuous use of 
apparatus and glassware that have been in contact with solu- 
ti° ns high activity. In designing a laboratory separate rooms 
should be devoted to problems concerned with the low activity 
of normal rocks or tissues, radioactive minerals, and radioactive 
concentrates. In laboratories where work of diverse character is 
in piogiess, the tiaces ol dust and emanations from one room 
may cause the contamination of the others. As an example of 
such contamination, an occurrence described by Hahn bears 
repetition: On opening a vial containing a few milligrams of 
ladium in the chemistry laboratory sufficient radon escaped into 
the atmospheic to be detectable in a \\ ilson cloud chamber oper¬ 
ating in the physics section several rooms away. 

Unlike the cloud chamber, whose visualization is evanescent, 
contaminated emulsions record tracks continuously and present 
at the time of development an integrated picture which may 
seriously confuse an analysis of a feebly radioactive prepara¬ 
tion. In assembling polonium sources care must be taken to 
avoid contamination of benches and auxiliary apparatus. Thin 
cotton gloves should be worn during source preparation and the 
hands washed carefully immediately after its assembly. Con¬ 
tamination of fingertips is readily demonstrated by contacting 
them with an emulsion for about 10 min. The contact softens 
the gelatin slightly and registers a sharp fingerprint. On devel¬ 
opment alpha-particle tracks are observed on contaminated 
ridges. It is good practice to provide the darkroom with a supply 
of lintless paper sheets. All operations with the emulsion such 
as cutting, marking, and the assembly of the camera are made 
over a fresh sheet of paper. 


ACTIVITY OF CARRIER FILMS 

Of the naturally occurring radioelements only uranium, tho¬ 
rium, and samarium compounds can be separated pure in weigh- 
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able amounts from laboratory-size samples of radioactive min¬ 
erals. Other elements of moderate half-life such as radium, 
ionium, protoactinium, and plutonium can be obtained in tan¬ 
gible quantities by large-scale plant operations. The majority 
of radioisotopes are short-lived and can be manipulated chemi¬ 
cally only with the aid of an inert carrier substance which serves 
as a matrix for the unweighable quantities present in the sample. 

Coprecipitation Mechanisms. The science of radiochemistry 
is devoted to the study of diverse coprecipitation, adsorption, and 
extraction processes which permit the separation and concentra¬ 
tion of radioelements. On the basis of studies made between 
1898 and 1913 Fajans formulated a precipitation rule in which 
the basic premise is that, the lower the solubility of the com¬ 
pound formed by the metallic radioelement with the anion of the 
precipitate, the greater is the amount coprecipitated. Thus, ltaE, 
ThC, RaC, and AcC are trapped when bismuth carbonate is 
precipitated from a solution carrying them as cations. If a pre¬ 
cipitate of barium or lead sulfate, is formed in acidified solutions 
these radioisotopes remain in solution. 

These behaviors are attributed to the similarity between prop¬ 
erties of the radioelements and the analytical properties of the 
carrier. Bismuth carbonate has a very low solubility in water 
'' lereas bismuth suliate is soluble in acid media, and the impon¬ 
derable quantities of the radioisotopes mimic these solubility 
relationships. In the radium pleiad, the members of which are 
lomologous to barium, the radioisotopes coprecipitate with barium 
carbonate, sulfate, or chromate, as these radium compounds are 
insoluble m water. They arc not adsorbed in the precipitation 

of silver chloride or chromic acid, because the chloride and oxide 
oi radium are easily soluble. 

These observations can be generalized by stating that a radio¬ 
element is carried down by a difficultly soluble precipitate when 
it would itself give an insoluble compound under the experi¬ 
mental conditions if it were present in a tangible quantity in 

excess of the saturation value. Paneth •*» offers the following 
explanation for this behavior: ^ 

» h "7 ,te * ♦ - *>» 

" .......« i,,i i:: — 


pro- 
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cipitate an ion exchange takes place and the radium combines with the 
sulfate radical to form RaS0 4 . Since this compound has a low solubility, 
the probability is in favor of its retention in the crystal lattice. 

With the further development of radiochemistry, exceptions 
t° the Fajans-Paneth precipitation rules became apparent. 
Thus, if traces of radium are added to solutions of calcium ions 
and calcium sulfate is caused to precipitate, either none or only 
a very small fraction of the radium is carried down despite the 
fact that radium sulfate is one of the least soluble compounds 
known. Discrepancies of this character led Hahn to the con- 

was not the sole factor determining 
the entrainment of traces of radioelements. Halm differentiates 
between true coprecipitation in which the radioisotope is in¬ 
corporated isomorphously in the carrier, and adsorption in which 
the separation is dependent essentially on the surface character¬ 
istics of the precipitate. 

In the first entrainment mechanism, the trace and carrier ions 
aie bound in solid solution, forming mixed crystals or systems 
resembling mixed crystals. The separation is independent of 
the conditions of the precipitation, such as the rate of precipi¬ 
tant addition or its final concentration in the solution. In the 
second method of separation, involving adsorption on a precipi¬ 
tate of large surface, the degree of adsorption is dependent on 
the surface area and its electric charge. Hahn states, “An ion, 
at any desired dilution, will be adsorbed by a precipitate if that 
precipitate has acquired a surface charge opposite in sign to the 
charge on the ion to be adsorbed, and if the adsorbed compound 
is slightly soluble in the solvent involved.” In true coprecipi¬ 
tation the trace ion is distributed uniformly throughout the lat¬ 
tice of the precipitate and can be removed from it only by 
processes involving the resolution of the mixed crystals. Where 
adsorption has taken place the trace constituent can often be re¬ 
moved from the surface by means of solvents that do not alter the 
carrier solid. 

It is noteworthy that these rules are also valid when the minor con¬ 
stituents are non-radioactive. When barium sulfate is precipitated from 
a solution containing the intensely colored MnO-i - ion, the crystals 
possess a uniform pink color which cannot be removed either by washing 
with water or solutions that reduce permanganate to colorless manganous 
ions. The chromogenie permanganate ion is evidently held in solid solu- 
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lion in accordance with Hahn’s concept. In developing a micro method 
tor the estimation of barium utilizing this mechanism, Yagoda v * substi¬ 
tuted sodium permanganate as the source of MnO.,- ion in an effort to 
intensify the color of the barium sulfate. It was found that, when potas¬ 
sium sulfate was employed as the precipitant, a pink-colored barium sulfate 
separated, but if the system was free from Iv+ ions and the crystals were 
precipitated by sodium sulfate the barium sulfate separated in a colorless 
form. It is evident that the MnO,- ion does not enter the lattice by 
itself and is accompanied by K+ ions. Further studies revealed that the 
permanganate formed mixed crystals only when the cation had an ionic 
radius similar to that of barium. The ionic radius of Ba + + i< 135 \ 
and is almost identical with that of the K+ ion measuring 1.33 A. whereas 
he ionic radius of Xn + of 0.05A is markedly different. Repetition of 
these experiments with radioactive isotopes of potassium, sodium and 

manganese may yield a further insight into the carrier properties of 
barium sulfate. 

Purity of Carriers. In measuring activities of feel.lv radioac¬ 
tive samples it is important that the reagents, water; and rar- 
liers have an activity considerably less than that of the samples 
All shelf reagents which are neatly labeled C.P. have at one 
time been members of the earth’s crust and contain variable 
quantities of radioactive impurities, dependent on their previous 
geological history. Barium chloride is prepared bv treating the 
mineral witherite with hydrochloric acid and crystallizing the 
filtered solution. Mineral waters containing traces of radium 
commg in contact with the native barium carbonate form a re¬ 
placement deposit of the more insoluble radium carbonate Cer 
tarn commercial preparations of barium chloride may thus have 
a £ Iea tcr radium content than rocks in general. 

"tt hen working with activities comparable to that of uranium 
minerals, the lack of purity in analytical grade reagents is readily 
compensated for by a blank determination on the reagent system 
At lower levels it is also desirable to purify the reagents enter¬ 
ing into the composition of the carrier. The general approach 

18 ™ phfi ed by the following method for the radiochemical 
pui location of barium chloride: 

Dissolve 11 g Of BaCl,-2H,0 in 1 liter of water and mix with 2 ml of 
0 per cent sulfuric acid. Allow the finely divided barium sulfate crys- 

tulc^ fE : tw, er ^ ,‘- 0n a f t<?am bath ’ and Ulcn ™ 01 tempera- 

• 01 this solution into a storage bottle lined with paraffin om 

ovmg a dense retentive fiber paper washed with ,0 per JMSfcC 
1,1 an<1 a ■ Sma " VOh,me ° f t'>e reagent solution. One milliliter of the 
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purified barium chloride solution will provide about 10 mg of barium sul¬ 
fate carrier. 

Occasionally advantage can be taken of geochemical separa¬ 
tion processes in the preparation of certain carriers whose purifi¬ 
cation can be achieved in the laboratory only with great diffi¬ 
culty. Cerium and lanthanum compounds are employed exten¬ 
sively as carriers for thorium and the transuranium elements. 
Commercial rare-earth salts, usually derived from monazite, 
exhibit a high alpha-ray activity owing to contamination by 
thorium and the presence of isomorphous actinium. Certain 
primary rare-earth minerals such as cerite, bastnasite, and thort- 
veitite contain only 0.1 per cent thorium and an even smaller 
conccntiation of uranium. As the thorium and the uranium are 
leadily lemovable by analytical methods, cerium or other ad¬ 
mixed rare-earth carrier solutions can be isolated from these 

minerals which are essentially devoid of actinium and meso- 
thorium-2. 

Carrier Precipitation. It is beyond the scope of this ele¬ 
mentary treatment to enter into a detailed description of the 
analytical methods employed in the decomposition of samples 
and in the isolation of their radioelements by carrier precipita¬ 
tion techniques. The general approach in the isolation of a 
radioelement from a solution is to add a small quantity of a non¬ 
radioactive ion of similar analytical properties, and then to pro¬ 
ceed as though this added ion alone were being separated from 

the other constituents of the solution. The carriers commonly 

* 

employed in radiochemical separations of alpha-particle-emitting 
isotopes are listed in Table 18. 

The number of isolation mechanisms and techniques has in¬ 
creased as a result of the synthesis of large numbers of radio¬ 
elements isotopic with the elements of low atomic number. Also, 
a wealth of as yet unpublished information has doubtless been 
accumulated during the large-scale synthesis of plutonium. 
The properties of the radioisotopes occurring in radioactive 
minerals are described by Russell. R15 Carrier and extraction 
techniques for the isolation of fission products from neutron- 
irradiated uranium compounds have been investigated by 
Hahn H5 and Joliot.* 12 The analytical chemistry of plutonium 
is reviewed by Harvey. 11 ' 10,17 



143 


ACTIVITY OF CARRIER FILMS 


I able 18 . Carriers for Radioisotopes 


^ Pleiad 

81 AcC", ThC", RaC" 

82 RaD, ThB, RaB 

83 AcC, ThC, RaC 

84 RaA, ThA, AcA, 

ItaC', ThC', 
AcC', RaF 

8fl Rn, Tn, An 


87 Fr (eka-cesium) 

88 Ra, ThX, AcX 
8‘) Ac, MsTh2 


90 Th, Io, RdTh, 
RdAc 


91 Pa, UX 2 , UZ 

92 UI, UII, AcU 


93 Np 

94 P U 


Carrier and Ionic 

Environment 

T1 2 S in XH 4 Ac 

Bi 2 S 3 or PbS in 0.3 .V 
IICl. Al(OH) 3 precipi- 
tated by NH 4 OH 

PbS in 0.3 N IICl 

Bi 2 S in 0.3 N IICl, or To 
precipitated from 1 X 
IICl by SnCl 2 

Carried by air or other 
gases 

Carried by cesium 
chloroplatinate 

BaS0 4 in 0.5 X IICl 

Lanthanum oxalate or 
lanthanum fluoride 

Ceric iodate in nitric 
acid media (X ,) 

Lanthanum fluoride 

Lanthanum oxalate 


Zirconium phosphate in 
2 .V IIC1 (V7 > 

Titanium phosphate 02 

Tantalic aeid F14 

(XII 4 ) 2 ( 2 0; in amino- 
niacal solution free 
from C() 2 

Uranyl nitrate can be 
extracted from ammo¬ 
nium nitrate media by 
ether 

Lanthanum or cerium 
fluoride 

Lanthanum fluoride 
carries tetravalent Pu 


Remarks 

Rapid decay, centrifuge 

Ctood for separation from 
radium R15 


le can lx* separated from 

means of hydra¬ 
zine 1115 

Adsorbed by charcoal 

and certain dust par- 
t icles 

Isolation of AcK de¬ 
scribed by Percy 1 * 11 

Ac can be separated from 
La by crystallization 
with Bi-AIgnitrates M * 2 

Th can be separated from 

ran* earths by repeated 
precipitation of Th per- 
oxynitrate in XM 4 X0 3 

media; also by precipi¬ 
tation of Th(OII) 4 by 
hexaniine in XII 4 C1 
media (I5) 

Thorium acetyl acetone 
is soluble in chloro¬ 
form, and the com¬ 
pound can be vacuum 
distilled 831 

Method for isolation of 
Pa from rocks de¬ 
scribed by Schumb (S11 > 

Traces of uranium are 
adsorbed by ferric hy¬ 
droxide (U2) 

Basis of a micro method 
for traces of uranium 
described by Hecht (H21) 


Hexa valent plutonyl fluo¬ 
ride can be separated 
from La carrier in 
excess IIF, Harvey (H17) 
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Inhibition of Adsorption. Radioactive and gravimetric meth¬ 
ods of analysis have much in common. The accuracy of either 
measurement is not limited by the counting device or the sensi¬ 
tivity of the balance but is largely dependent, in both methods, 
on the quantitative collection of the constituent in a high state 
ot purity. The gelatinous character of many precipitates em¬ 
ployed as carriers is conducive to the adsorption of other 
ions from the solution. Y\ hen the entrained substance is also 
radioactive it will increase the total activity and render the 
analysis in error if the counting apparatus cannot differentiate 
the radiations from the carrier and its impurities. Thus, in 
measuring the activity of external films of U ;; 0 8 it is not prac¬ 
ticable to differentiate the tracks produced by uranium alpha 
particles from those emitted by adsorbed polonium or ionium. 

The degree of adsorption is dependent on the surface area 
of the carrier and the concentration of adsorbable ions. The 
surface area cannot be altered appreciably as it is defined by 
the conditions essential for the quantitative collection of the 
carrier. The adsorption of other radioactive ions can be reduced, 
however, by augmenting the ratio of isotopic inactive and 
active ions prior to the precipitation of the carrier. The 
mechanism employed in the isolation of protoactinium from 
pitchblende serves as an example of the “retarder” technique. 
The zirconium phosphate employed as a carrier is very gelati¬ 
nous and tends to adsorb other radioisotopes from the solution. 
To inhibit the adsorption of the unwcighable quantities of Ra, 
ThB, and RdAc about 100 mg each of Ba ++ , Pb ++ , and 
Th + + + + is added to the pitchblende solution prior to the 
precipitation of the zirconium phosphate. Because the adsorp¬ 
tion mechanism is independent of the radioactive character of 
the ions, adsorption is minimized by increasing the probability 
of entrainment of the non-radioactive isotopes. 

Isolation of Radiochemical U ;i O s . Since uranium oxide serves 
as a primary standard in all radioactive measurements it is 
desirable to have a supply of this compound available for 
standardization purposes. The following procedure for its iso¬ 
lation from pitchblende also serves as an example of radio¬ 
chemical purification methods: 

Decompose 20 grams of high-grade pitchblende with 100 ml ol 1 + f 
nitric acid in a 1-liter cone flask. Dilute to about 800 ml and saturate 
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with a stream of hydrogen sulfide gas. Allow the admixed acid insolubles 
and metallic sulfides to settle for about 2 hours, filter into a beaker, boil 
olf hydrogen sulfide, and evaporate to a syrupy consistency. Transfer to a 
250-mi platinum dish and add about 25 ml of hydrofluoric acid.* 

Evaporate on a steam bath to a pasty consistency. Add 5 ml of hydro¬ 
fluoric acid and 200 ml of hot water, and digest for 10 min. Cool, and 
filter through a platinum funnel or one of glass lined with paraffin. Re¬ 
ceive filtrate in a paraffin-coated beaker. Clean the platinum dish by 
scouring it with fine steel wool and digesting it in hot 1 + 1 hydrochloric 
acid. Transfer the filtrate to the platinum dish; add about 50 mg of Ba + + 
ion and 20 ml of concentrated sulfuric acid. Evaporate on a steam 
bath and finally over an air bath until the sulfuric acid fumes. Cool, 
add 100 ml ol water, transfer to a beaker, dilute to about 500 ml, and 
digest overnight at room temperature. 

Filter off the mixture of barium sulfate and basic salts of iron and 
aluminum, catching the clear filtrate in a 1500-ml beaker. Dilute to 1 
liter with doubly distilled water; raise to a near boil and make almost 
neutral with ammonium hydroxide. Add 1 + 1 ammonia dropwise while 
the solution is boiling, continuing its addition as long as a brown pre- 
cipitate of ferric hydroxide separates and stopping the operation when 
yellow-colored ammonium uranate makes its appearance. Cool to about 
40° C and filter into a 2-liter beaker. Boil filtrate and add sufficient 

+ 1 ammonia to precipitate all the uranium as ammonium uranate Col- 
ect the bulky precipitate on several large ashless filter papers which have 
been prewashed with hot dilute hydrochloric acid and distilled water. 

The yellow uranium precipitates are now ready for the final purification 
steps. Dissolve the compound in about 100 ml of 1 + 1 nitric acid redis¬ 
tilled in the presence of lead and barium nitrates. Receive filtrate of 
uranyl and ammonium nitrates in a 400-ml beaker whose surface has been 
extracted with hot nitric acid. Evaporate to a syrupy consistency on a 
steam bath, wash down sides of beaker with distilled water, and repeat 
evaporatum until excess nitric acid is expelled. Cool the thick svrup. 

; ‘ 111 of redls,1,,od other > and filter the extract through a drv ash- 

1^ fil er paper. Catch the ethereal solution in a nitric-acid-extracted 
1500-ml beaker, evaporate the solvent near a steam bath, and redissolve 

de FilS- 1° K I?” °, + 1 amm ° nia disti,,ed fr ™ barium hvdrox- 

; ! the br,pht - vo,,ow compound onto an ashless, lint-free paper 

and dry in an oven at 110 T. Separate the compact masses of ammonium 

* Great Bear Lake pitchblende contains about 1 per cent of rare-earth 
oxides which serve as a natural carrier for the traces of thorium and 

1,1 tho rr aI - Spe “ s 

t k ? a mUch lower ra re-earth content, and it is advisable to 
add about 100 mg of Ce+ + + ion as a carrier. 

Pitchblendes contain variable quantities of calcium. In order to avoid 

selected ” !» o"™" 1 fluoride at this *age. a specimen should be 

selecten with less than 2 per cent CaO. 
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uranate, crush in an uncontaminated mortar, and transfer to a new porce¬ 
lain crucible. Roast the powder and ignite at 800° C for 1 hour with the 
crucible in an inclined position. 

Thin films of this uranium preparation are prepared by the 
methods described in Chapter 3. Clean glass or aluminum 
plates provide satisfactory supports.* The reliability of the 
track-counting technique has been investigated by Yagoda and 
Kaplan Y14 using thin films of purified U 3 0 8 as standards of 
alpha-particle activity. Their preliminary results, summarized 
in Table 19, indicate that the emulsion counting technique 
yields results in good agreement with determinations by other 
methods. The measurements with films weighing less than 
1 mg per cm 2 are in particularly good agreement with values 
established by modern alpha pulse counting methods. 


Table 19. Disintegration Rate in UaOg Films 


Film 

Weight, 

mg/cm 2 

k u) 

Tracks 

Counted 

Alphas per g U 
per sec 

A 

0.61 

2.12 

6,604 

2.51 X 10 4 

B 

0.75 

2.14 

11,600 

2.48 

C 

1.43 

2.23 

13,500 

2.37 

D 

2.32 

2.36 

13,874 

2.34 


Average 2.43 X 10 4 

Scintillation method 2.37 X 10 4 

Alpha pulses (2.48-2.53) 10 4 


The alpha disintegration of IT leads to the formation of UXi 
and UX 2 , both of which are beta emitters. The beta particles 
from UX 2 have a maximum energy of 2.3 Mev and can pene- 

* The contaminants in the backing are of moment only in measuring 
very low activities as those of rocks. Investigations by Evans and Good¬ 
man 1014 show that aluminum produces a lower background count (about 
4 alpha particles per cm 2 per day) than brass, copper, iron, or silver. 
The activity contributed by the backing can be estimated by covering one 
half of its surface with a layer of powdered dunite weighing about 5 mg 
per cm 2 and exposing the unit against a background-eradicated emulsion 
for about 1 month. Dunite is a basic igneous rock of unusually low 
radioactivity. Samples of dunite from Webster, North Carolina, showed 
on analysis by Evans and Goodman 1012 0.03 it 0.01 X 10 -6 g of U, 0.00 it 
0.03 X 10- 6 g of Th, and (0.008 to 0.016) 10“ 12 g of Ra per g of rock. 
Its potassium content of 0.0005 per cent is also exceptionally low. A thick 
layer of dunite has a T a of about 5 X 10 ~ 6 per sec per cm 2 and provides 
an essentially non-radioactive test surface. 
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trate thin foils of aluminum weighing 30 mg per cm-. These 
foils stop the alpha particles and the less penetrating beta rays 
from UXi. Covered films of U 3 0 8 are also serviceable as beta- 
ray standards. Karaen K3 recommends a deposit of 350 mg of 
U 3 0 8 per 10 cnr on a 1-mm-thick aluminum backing. The 

o 

oxide may be deposited by suspension in acetone to which a 
small amount of Duco cement is added as a fixative. When 
the solvent evaporates, the aluminum foil is cemented over the 
oxide layer. 

The activity of UX 2 is computed on the basis of complete 
equilibrium with the uranium. In recently purified samples of 
U 3 0 8 the UXx is not in radioactive equilibrium, having been 
removed together with the thorium and ionium during the pre¬ 
cipitation of the rare-earth fluorides. It is regenerated by the 
continuous decay of IT, but the source is not serviceable as a 
beta-ray standard until the preparation has aged for about 

6 months. The thick layer of L :t Os absorbs beta radiation 
cqui\alent to 20 mg per cm-. The effective disintegration rate 
corresponds to 15 mg of U ; ,O s per cm- or 159 beta particles 
per cm- per sec. When exposed against optical-type emulsions 

7 X 10“ beta particles are incident per square centimeter at the 
end ol 24 hours. This suffices for the activation of emulsions 
of moderate grain size such as Lantern-Slide plates. 


SERIES DISINTEGRATION 

During the decay of uranium, actinouranium, and thorium 
to their stable end products, each parent atom passes through 
a complex series of intermediary bodies accompanied by the 
emission of alpha and beta particles. The particular stages of 
decay in which an alpha particle is emitted can be recorded 
photographically by introducing ions of the parent elements 
into the emulsion and observing the multiplicity of track for¬ 
mation at the end of a suitable exposure period. When the 
daughter elements in the chain are short-lived, multiple events, 
composed of 2 to 6 alpha-ray tracks, originating from a com¬ 
mon center, can be observed microscopically. Typical multiple 
events or “alpha stars” are illustrated in Fig. 20. In the thorium 
series all the decay products from RdTli to ThC" are short¬ 
lived, and their successive disintegration gives rise to numerous 
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stars. Even the traces of thorium normally present in the 
emulsion as impurity give rise to a small star population if the 
plates are allowed to age for several months between manu¬ 
facture and development. 


Fig. 26. Alpha stars. 

A. Field ol alpha stars from a thorium-loaded emulsion at 310X- 

/>\ Field showing one of the alpha stars originating from decay processes 
in the glass hacking. 

C and D. Examples of alpha stars recorded in blank emulsions with dis¬ 
placements attributed to the diffusion of the radioactive parent atom be¬ 
tween stages of decay. Magnification 630X» blight-field illumination. 

The probability of disintegration with multiple-event forma¬ 
tion is markedly different for uranium and thorium. The prin- 

%/ 

ciples of star formation in the emulsion are made evident by 
considering the simpler cases where these elements are initially 
freed from their accumulated equilibrium products. Emulsions 
loaded by evaporation with 1 microgram of radiochemically 
purified uranium and thorium per cm- and developed about 
100 hours later exhibit the single track and star populations 
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Table 20. Alpha Star Formation in Loaded Emulsions * 


lti) 


Multiplicity 


Incorporated Atoms 

I 

11 

III 

IV 

V 

VI 

A: UI + UII 4- AcU 

7,590 

0 

0 

0 

0 

0 

B: Th -f RdTh purified 

1.260 

12 

30 

94 

o:) 

0.4 

C: Th + RdTh 0 days later 

780 

45 

117 

140 

It) 

0 

D: Th and its equilibrium products 

2.200 

133 

405 

204 

21 

4 

E\ IJ 4- Ra series f 

12,500 

152 

410 

517 

21 

0.4 

* All populations reduced to events 
100 hours of exposure. 

per cm 2 pc 

T 10“ 

'' g of parent c 

lenient 

per 

t Plate loaded with a solution of analyzed pile 

hblein 

4e adjusted to 

a uranium 


concentration equal to that in exposure A. 


summarized in Table 20. The uranium-impregnated emulsion 
exhibits a population of single tracks only, whereas the thorium 
Plate contains a multitude of II-, III-, IY-, and V-branched 
stars. The distinctly different behavior of the two elements 


has its origin in the magnitude of the 
the isotopes of uranium and thorium: 


disintegration 


rates 



During the exposure of plate A, of the 2 X 10 tr> atoms initially 
incorporated, 4500 atoms of UI decayed to VX U 4500 atoms 
of UII decayed to Io, and 200 atoms of AcU decayed to UY. 
A dual event can be recorded only when one of these daughter 
atoms decays with the emission of an alpha particle. The most 
favorable route for this occurrence is the decay of one of the 
4500 Io atoms to Ra. During the exposure period the average 
population of Io is 2250 atoms per cm 2 , and since this element 
has a half-life of 83,000 years only 0.0002 disintegration per 
unit area is to be expected. The likelihood of observing a dual 
uranium star is thus very small. In exploring 5 cm 2 of emulsion 
only one Il-branched star was observed, and this cannot be 
attributed with certainty to the dual decay of UI as the popu¬ 
lation ot single tracks is high and coincidental overlapping of 
individual alpha tracks is probable. 

The radiochemically purified thorium nitrate solution con¬ 
tains initially isotopic atoms of Th and RdTh. Neglecting the 
small quantity of ionium also present,* multiple events may 


* AH thorium compounds arc derived from minerals which contain 
appreciable quantities of uranium, and hence the equilibrium amount of 


ionium. Since this decay product is isotopic with thorium, some 
,s l >rosr *nt in all thorium compounds. 


ionium 
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stem from the series decay of the two principal isotopes. Two 
long-lived beta-ray transitions between Th and RdTh greatly 
reduce the probability of star formation from this source. How¬ 
ever, stars can form in considerable number from the primary 
RdTh isotope, as it decays rapidly and all its succeeding daugh¬ 
ter atoms are short-lived. This chain is the primary cause of 
the large number of multiple events recorded in plate B of 
Table 20. As the initially purified thorium solution ages, the 
concentration of RdTh diminishes because its immediate pro¬ 
genitors, MsTh 1 and 2, were removed during the purification 
of the initial thorium nitrate. In an exposure made 6 days 
after purification (plate Cl the population of multiple events 
increased owing to the presence of a third chain, initiated by 
the accumulated ThX atoms. This is indicated by the smaller 
number of V-branched stars and the pronounced increase in 
the population of the III- and I V-branched events. When the 
emulsion is loaded with a thorium solution containing the accu¬ 
mulated equilibrium products, as in plate D y the ratio of multiple 
to single events reaches its maximum. 

These experiments show that a high star population is recorded 
whenever the emulsion is loaded w r ith a radioelement whose 
daughter products are short-lived and disintegrate by alpha- 
particle emission. Multiple events occur frequently w’hen the 
emulsion contains radium or its isotopes, AcX and ThX. Radium 
gives rise to IV- or V-branched stars depending on its final 
decay to either RaC' or RaF prior to fixation of the emulsion. 

As the uranium isotopes record single tracks onl} r , the for¬ 
mation of stars in a uranium-impregnated emulsion can be 
employed as a criterion for the successful radiochemical puri¬ 
fication of uranium preparations. Plate E w’as loaded with the 
same quantity of uranium as plate A, but the solution w r as 
freshly prepared from a sample of pitchblende. Plate E there- 
fore also contained all the equilibrium products with the excep¬ 
tion of the gaseous radon which escaped during the solution of 
the mineral. In this exposure about 9 per cent of the total 
track population consisted of multiple events. The majority 
of the stars w r ere formed from the disintegration of the 
3.5 X 10“ 13 g of Ra in equilibrium w T ith the uranium loaded 
into the emulsion. As the number of stars in blank plates is 
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very small, a lower observational limit of 5 stars per unit 
area permits the detection of 10 *•'. g of Ra in a saln|llt , 

The characteristics of the alpha-particle tracks in stars originating 
from the decay of radium has been investigated by Wilkin- wis jjj s 
stereoscopic measurements of the angle between branches suggests that 
the relative directions of emission are not entirely random, and that 
characteristic angles of 110“ and others of 170“ occur frequently. 

It has been demonstrated that radiothorium is a prolific be¬ 
getter of stars even when the solution is freshlv purified from 
other rapidly decaying radioelements. Because accumulated 
radium is readily separable from radiothorium bv coprecipita¬ 
tion with barium sulfate, and the growth of new radium from 
ionium is inappreciable during short exposures, the multiple- 
decay mechanism offers the possibility of estimating traces of 
thorium using star populations as an index. This potentiality 

18 T 0 ''? 1 ?' ° f fu, ' ther investigation, as the method would be 
applicable in the presence of rare-earth oxides and without 

appreciable interference from radioactive elements other than 
high concentrations of actinium. 

The pronounced star population in thorium-loaded emulsions 

Ska ™ I 0 *” T, S hl thC ear ' y " OI ' k ° f Ta >’ lor and Dab- 

, k ; , Th °y hkewise conclude that the multiple events 

stem from the decay of the RdTli isotope. Powell and co- 
workers 34 have made comparative measurements of the alpha- 

Udrurtl tr m kS ,°!r r !' C ' 1 ' ec0rcle,1 in " et and dry emulsions. 

I sing the Ilford Nuclear Research emulsions they find that the 

tracks are recorded during impregnation, but that their grain 
spacing is increased by the presence of the imbibed water. 
Exposure periods of loaded emulsions must therefore be reck¬ 
oned from the moment of immersion in the loading back to the 
time of transfer into the fixing solution. 

1 TI r,T nt !r iS , 0f U *“ by neutron bombardment of thorium 

has led to the discovery of the missing 4n + 1 series of radio¬ 
active elements by both the American "« and the Canadian « 
investigators. The chain of disintegrations is shown in Fig 14 
and the properties of the alpha-ray-emitting elements are re’ 
coided in Table 3. In this new series Ac 225 Fr 221 At 217 mil 
P °7 ™ ^'ort-hved and decay with the mission of ^ 
paitides. Evidence for the existence of this chain was first 
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provided “by the observation of IV-branched stars in a nuclear- 
type cinuta™ which had been impregnated with a solution of 
Ka“ ’ isolated from the decay of a few milligrams of U 233 . 

Actinium decays by alpha emission, and all the daughter prod- 
nets are short-lived. Guillot and Percy demonstrated the 
chain of succeeding disintegrations by loading plates for about 
10 sec from a preparation of actinium freshly purified from its 
decay products. A plate developed 48 hours later revealed 
numerous stars comprised of tracks with a range corresponding 
to Ac, AcX, An, AcA, and AcC alpha particles. 

The tracks constituting most stars originate from a common 

center within the limitations of microscopic measurements. This 

is to be expected, as the recoil of the daughter atoms is too 

small to produce a noticeable displacement in the emulsion. 

Nevertheless, stars are occasionally observed in which a single 

track or a component double branch is displaced by several 

microns from the other components of the event as shown in 

big. 2()( and D. This phenomenon has been reported by Taylor 

and Dabholkar, 111 and more recently by Demers. 08 Demers 

has observed a splitting of \ -branched thorium stars, such that 

the alpha tracks from RdTh and ThX radiate from one point, 

and those emitted in the decay of Tn, ThA, and ThC' from 

another point several microns distant from the site of the initial 
decay. 

The displacement phenomenon has also been observed T18 both 
in thorium-loaded plates and in stars occurring in blank emul¬ 
sions. The occurrence of displaced stars in emulsions of very 
low single-track population seems to eliminate the possibility 
that the breceiated A -branched event is simply a random combi¬ 
nation of two multiple events. Demers attributes the migration 
to the heterogeneous structure of the emulsion which provides 
in places paths of lesser resistance. Taylor is of the opinion 
that the displacement represents an actual diffusion of the ion 
in the gelatin during the intermediary stages of its stable 
existence. 

The traces of radium and radiothorium present as impurities 
in the glass backing produce clusters of alpha-particle tracks 
owing to the rapid decay of their daughter products. When 
the parent atom is located several microns below the emulsion 
layer, the family of alpha tracks can often be recognized when 
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recorded at favorable angles. These glass stars differ from 
those located entirely within the emulsion only by the absence 
of the connecting center, as exhibited in Fig. 26 B. 

fbnUey.M * first observed the phenomenon in plates exposed at 
11.000 ft, attributed the glass stars to cosmic-rav-induced nuclear evapo- 
rations in the glass backing. Spontaneous decay processes is a more 
probable explanation, as the extrapolated track lengths of the recorded 
portions almost invariably correspond to the ranges of the alpha particles 
emitted by members of the three radioactive series. True cosmic-ray dis¬ 
rupt,ons originate in the glass of plates exposed at high altitudes but at 
an exceedingly low rate. In these rare instances (Chapter 12. p 302) one 
m more of the tracks belonging to the cluster has a range in considerable 

excess of the ThC' alpha particle, and certain me.. have a 1mm 

density indicative of a proton trajectory. 

The glass alpha-track clusters are readily differentiated from 
individual alpha-particle tracks originating from samples ex¬ 
posed above the emulsion l,y noting the direction and position 
< f the terminal grams with reference to the emulsion boun- 
anes. These observations are made with a sharplv focusing 
objective of high numerical aperture. Poole and Bremnor ™ 
show in their investigations on the activity of granites that 

tl e rnipunt.es in the glass backing give rise to a population 
<>f 2.4 tracks per cm 2 per day. 

Studies on star formation represent a unique tool in radio- 
act.ve measurements. Most methods of studying radioactive 
transformations provide only statistical information on the aver¬ 
age behavior of a large number of atoms. In contrast, star for¬ 
mation m the emulsion may record the entire life lnstorv of a 
* ln gle radioactive atom. 


radiocolloid aggregation 

The first intimation of atomic aggregation of radioactive 
& m solution was obtained by Paneth. He observed tint 
Muing the dialysis of an aqueous solution of R a D and R a F 

■ .ates admixed with common lead, all lead ions passed through 

'mi T: ■■ t 

' tl,C,r in ncnfml s „| util)n ,. 
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Inder conditions of high acidity, where hydrolysis is sup¬ 
pressed, RaE behaves as though it were dispersed ionically. 

Evidence of aggregation is also indicated in the behavior of 
the solutions to electrolysis at different hydrogen-ion concen¬ 
trations. The radioactive elements dispersed as ions in acid 
media migrate electrolytically whereas the colloidal units pres¬ 
ent in neutral solution move by cataphoresis. Soddy S31 noted 
the phenomenon at an earlier date but failed to recognize its 
significance. He found that UXj can be separated by adsorp¬ 
tion on filter paper by simply filtering a dilute solution of 
uranyl nitrate. 


The presence of clusters of radioactive atoms in certain 
radioactive solutions is readily demonstrated by the emulsion 
technique. Using photographic plates as recording media, 
Chamie C4,5, ° observed that a large number of radioactive sub¬ 


stances, whether dispersed in gases, in the form of amalgams, 
or present in aqueous solutions, did not blacken the plate uni¬ 
formly, as they would if dispersed as single atoms, but did show 
marked discontinuities with points of very intense photo¬ 
graphic activity. Chamie attributed these points of high activity 
to the presence of clusters of radioactive atoms which she desig- 
nated as radiocolloids . 

The presence of radiocolloids can be demonstrated by immers¬ 
ing an emulsion in a neutral solution of a short-lived alpha- 
emitting element. A\ hen the solution is strongly acid, the ex¬ 
posure can be conducted by interposing a thin cleavage of mica 
between the emulsion and the drop of solution. An alternative 
technique devised by Chamie ro is to centrifuge the solution onto 
the surface of a paraffined slide which is subsequently exposed 
against an emulsion. Another simple means for demonstrating 
radiocolloid aggregation Yn is to rotate a polished copper disk 
in a slightly acid solution of polonium, which is then contacted 
with an emulsion. Following any one of these methods, micro¬ 
scopic examination of the processed plates shows that, besides 
the anticipated background of individual tracks, units composed 
of from 10 to several hundred tracks which radiate from a com¬ 
mon center are also present. The microscopic appearance of the 
patterns recorded by these radiocolloids is exhibited in Fig. 27. 
The aggregation of radioactive atoms in the gaseous state has 
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radioactive solute. In his experiments, radiocolloids were not 
formed from compounds that arc readily soluble in water, and 
the population of radiocolloids increased with the ease of hydrol- 
ysis of the salts in neutral solutions. The tendency for aggrega¬ 
tion is reduced by increasing the acidity of the solution. It is 
also diminished by the addition of organic compounds such as 
citric acid and mannitol which form molecularly dispersed com- 
plexes with the radioactive aggregates. 

Studies by Bouissieres, Chastel, and Vigneron B38 employing 
nuclear-type emulsions as detecting media for the radiocolloids 
show that the character of the solute and the age of the solution 
are important factors in their growth. At an acidity of 0.3 N HC1 
radiocolloids were observed in aqueous solutions of polonium 
containing 5 X 10° RaF atoms per ml. When alcohol or acetone 
was employed as the solvent, radiocolloids were not observed, 

and the emulsions loaded from these solutions recorded randomly 
dispersed single tracks only. 


This observation is ot interest in the loading of emulsions with carrier 
fractions for purposes of their quantitative assay. The presence of radio¬ 
colloid aggregates complicates the estimation of the track population. 
In loading by evaporation the presence of a large volume of alcohol not 
°nh facilitates rapid drying but also minimizes radiocolloid aggregation. 


In aqueous media the studies of Bouissieres B38 show that the 
proportion of radiocolloid aggregates to single tracks increases 
markedly after the solution ages for several hours. This con¬ 
firms the earlier work of Chamie and Haissinsky, 08 who found 
that the proportion centrifuged down increased with the age of 
the polonium solution. Sedimentation studies indicate that the 
a gg re g a tes have a radius of about 10 _c cm. Measurements bv 
Chamie 17 based on the dimensions of the images recorded in the 
emulsion indicate that the aggregates have a diameter below 1 
micron. However, the activity of the aggregates indicates that 
the entire unit cannot be composed of radioactive atoms, and 
that part of the mass must be attributed to an inert core. 

Hahn agrees that impurities must be present in order for radio¬ 
colloids to form, and that the aggregates are an adsorption of 
radioactive atoms on a more massive inert condensation nucleus. 
Studies by Starik S37 and Haissinsky n6 * 7 * 8 are not in complete 
harmony with an exclusive adsorption mechanism. Their experi- 
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ments show that large quantities of variably charged adsorbents, 
such as silica, silver chloride, or titanium dioxide, can be intro¬ 
duced into a solution of polonium adjusted to a pH most favor¬ 
able to adsorption, and, nevertheless, the adsorbents do not inter¬ 
fere with the electrochemical behavior of the RaF ions towards 
deposition on metallic foils. 

The high resolving power of nuclear-type emulsions facilitates 
ie study of radiocolloid aggregates.' -17 A plate loaded with 
polonium by adsorption from a solution containing about 10-- 
millicurie of RaF and developed 18 hours later carried a popu¬ 
lation of 50 radiocolloids per on 7 The images of the radiocol- 
mds \\eie dispersed on a dense background of single tracks csti- 
ma (< at 3 X 10 per cm-. Symmetrical clusters of 10 to 100 
racks directed from a common center were fairlv common The 

3000 r u, a 300 0m Cl ? C, ' S in<Hf ' ate “ P ° int con S^ olr,0, 'ation of from 
3000 to 300,000 polonium atoms. Several units of greater activ- 

’ exh,bltln 8 more t»>an 1000 tracks, were also recorded Of 
hese some contained a minute transparent grain embedded in 
g latin coincident with the center of the tracks. The grains 
I obably originated as grindings from the glass-stoppered bottle 
in w in ) t ic original polonium solution was stored. The activity 

x»r y *" 1,0 ■"*“ u >-*>**>•* «<» 

A unit of extremely high activity is reproduced in Fig o 7cl 

tionMf'o 1 may °" C ltS ° ngin to an electrochemical deposi¬ 
tion of polonium atoms from the loading bath onto a sl ,eok of 

metal embedded in the emulsion. 1 ° f 

Radiocolloid aggregates can be detected photographically onlv 
"ben the constituent radioelements decay rapidly Thus 

, rf “" ii . 

by Halm ,” 'T,“?TS , .T ,, t 0f ^ T 

loid formation in emuki, „ ' observed radiocol- 

11 emulsions carrying traces of radium. He sue- 
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gcsts that the size of the central dark kernel, as observed micro¬ 
scopically under dark-field illumination (Fig. 28), is a measure 

of the number of alpha particles emitted from the radiocolloid 
into the emulsion. 



hie. 28. Radiocolloid in a radium-loaded emulsion. Dark-field illumina- 
<ion, magnification 570X- The alpha particles ejected from the common 
center cause the development of an opaque film of silver. Under dark- 
field illumination this dense core appears black. The intermediary white 
halo represents the termination ot the short-range alpha particles originat¬ 
ing from the decay of Ra, Rn, and RaA. The thin outermost zone repre¬ 
sents the terminal portions ot the long-range alpha particles ejected in the 
decay ot Ra(’\ The complex structure results from the series decay of a 
submicroscopic aggregate of radium atoms. Several alpha stars are re¬ 
corded in the background. These originate from the series decay of indi¬ 
vidual radium atoms. 


The radiocolloid aggregates exhibit a marked tendency to pre¬ 
cipitate on cellular structures when the dispersion comes in con¬ 
tact with porous media. This property is exhibited strikingly bv 
dilute solutions of radium sulfate. According to Hahn, 113 after 
the passage of the solution through a filter paper, over 98 per cent 
of the radium is retained bv the cellulose fibers. As noted earlier 
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by Soddy, LX, deposits quantitatively on passage of the solu- 
tion through filter paper, and the element undoubtedly exists in 
the uranium solution as a dispersion of radiocolloids. 

The ready adsorption of certain radiocolloids by cellulose fibers 
has been utilized in the separation of synthetic radioactive iso¬ 
topes from bombarded targets. Radioyttrium forms radiocol- 
louls m aqueous solutions, a property which permitted Kurba¬ 
tov - 1 to separate the element from a solution of a dcuteron- 
bombarded strontium oxide target without the aid of a carrier 
The solution was adjusted to pH 9 by addition of ammonium 
hydroxide. No visible precipitate of yttrium hydroxide formed 
but on filtration aggregates of Y*«(OHi* separated on the filter 
paper. The successful separation of rare-earth fission products 
by means of chromatographic adsorption columns suggests that 

radiocolloid phenomena play an important role in theTeparation 
mechanism. 

The phenomena associated with radiocolloid aggregation are 
important factors in the evaluation of activity measurements of 
both isolated carrier films and powdered-rock samples. As de¬ 
tailed in subsequent chapters, radiocolloids are formed during 
alteration processes of primary uranium minerals and are likely 
R> be present in adjoining and more distant gangue materials 
Because of their deposition on the walls of capillary structures 
radiocolloids are frequently encountered in the autoradiography 

<>f plant and animal tissues and tend to concentrate in excretory 
organs. " * 



Chapter 7 ALPHA-PARTICLE PATTERNS 
OF URANIUM AND THORIUM MINERALS 


^ a y> ? / I understand anything , greater wealth now lies hidden 
beneath the ground of Freiberg . Annaberg , Schneeberg and in the 
other mountainous parts of your territory than is visible and ap¬ 
parent above ground .—Georgius Agricola, 1556 


The minerals of the earth’s crust containing uranium or thorium 
as major constituents are hotbeds of complex systems of alpha- 
particle activity. The radioactive minerals therefore provide 
practical subject matter for study by the emulsion techniques. 
These studies are of interest in conjunction with compositional 
variations in polished sections and in demonstrating alteration 
and diffusion processes in the radioactive minerals. These con¬ 
siderations enter as important factors in deductions on the age 
and thermal history of the earth. The diffusion of radioactive 
gases is also of importance in the geology of petroleum bed for¬ 
mations and natural-gas deposits associated with helium. 

W ith the development of nuclear chain reactors the geochem¬ 
istry and metallurgy of uranium have become subjects of major 
importance. Unless other extensive deposits of pitchblende or 
carnotite are discovered it will be necessary to extract the metal 
from the more abundant minerals containing only small per¬ 
centages of uranium. The practical use of low-grade ores is lim¬ 
ited by the state of dispersion of the radioactive elements in the 
matrix. The alpha-ray pattern of a potential ore not only is a 
measure of the combined uranium and thorium contents, but it 
also delineates the mode of segregation of the elements giving rise 
to the activity. The nuclear emulsion permits the recognition of 
radioactive segregates measuring in excess of several microns and 
thus offers a valuable criterion in determining whether the active 
matter can be concentrated economically by flotation methods. 

URANIUM AND THORIUM CONTENTS OF MINERALS 

Most radioactive minerals contain variable quantities of both 
uranium and thorium, and it is not possible to translate a single 
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activity measurement into a percentage estimate of either ele¬ 
ment. However, the two most common ores of uranium, pitch¬ 
blende and carnotite, are substantially devoid of thorium. Like¬ 
wise, monazite sand, the most important source of thorium, 
contains only a relatively small amount of uranium. If the 
^ 1 1 c ore is known, a rapid estimate of the principal 

radioactive constituent can be made from alpha-particle-activity 
measurements. Since the early days of the radium industrv 
approximate measurements of this character by rapid electro- 

scopic measurements have preceded more accurate chemical anal¬ 
ysis of the ore: 

As described by Ellsworth 1 * 1 a brass disk is titled with a circular frame 
SO as to provide a cup about 2 min deep and 5 cm- in cro>s-sectional area. 
This is filled with a sufficient quantity of powder to cover the depression 
« ^ ( c Tinined by measuring the leakage in a 

charged electroscope. By comparing the rate of discharge with that pro¬ 
duced by a standard powder of known composition, correcting for the 
natural leak oi the instrument, the radioactive metal content of the 
sample can be computed. The activity of ores containing both uranium 

and thorium is expressed arbitrarily in terms of equivalent uranium 
activity. 

The method is subject to error by the ionization originating from beta 

and gamma radiations, variations in particle size and density between 

standard and sample, and the erratic behavior of the electroscope whose 

natural leak is dependent on the moisture and conductivity of the air. 

Nuclear emulsions can be substituted advantageously, as they are not 

subject to certain of these variables and their use extends the number 

of samples that can be assayed at one time. One needs an adequate 

supply of sampling trays, as each plate serves as an independent record¬ 
ing instrument. 

Pitchblende and carnotite ores, after 24 hours’ exposure, pro¬ 
duce a blackening whose photographic density can be measured 
accurately. Samples of low uranium or thorium content can he 
assayed by counting individual tracks in the emulsions exposed 
above the cups for about 1 or 2 hours. Since the samples are 
finely divided the escape of emanation is appreciable. Results of 
improved accuracy are obtained by employing minerals of com¬ 
parable emanating power as standards. Thus, in estimating the 
uranium content of ores the cup is filled with a 100- to 200-mesl, 
fraction of the sample and the alpha-particle activity is com- 
paied with a similarly prepared sample of pitchblende of known 
uianium content. Samples predominating in carnotite or mona- 
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zite are compared with standards of the respective species. Pre¬ 
liminary studies on a series of analyzed pitchblendes show that 
under these crude conditions of exposure the photographic density 

serves as an index of the uranium content with an accuracy of 
about 15 per cent. 

The same methods can be applied in the estimation of the 
uranium or thorium content of compact radioactive minerals 
occurring in polished section. The photographic density pro¬ 
duced by the inclusion is compared with one produced by a simi¬ 
larly polished sample of known composition. The error intro¬ 
duced by attributing the total activity to one principal radio¬ 
element is indicated by the following example: 


An unidentified mineral has found by chemical analysis lo contain 
pei cent Th0 2 and 3.9 per cent U 3 0 8 . By comparing the photographic 
density of several polished chips with a section of monazite containing 
12.7 per cent ThO L >, an emulsion assay of 33.9 per cent Th0 2 resulted. The 
small discrepancy between the chemical and photographic methods can 
. attributed in part to sampling error, as the photographic density of 
individual chips varied by 10 per cent. 


Activities of Systems in Radioactive Equilibrium. The com¬ 
posite rate of alpha-particle emission from the polished surface 

of a radioactive mineral can be approximated from the basic 
relationship: 

T a = 7.985 X 10 ~%M(R - P ) 


by evaluating M in terms of the uranium and thorium contents. 
The rate of disintegration of uranium in equilibrium with its 
daughter products has been determined experimentally by Ruth¬ 
erford and Geiger. 1118 By counting scintillations from thin 
weighed films of analyzed pitchblende, they observed the emis¬ 
sion of 9.7 X 10 4 alpha particles per sec per g of U. This value 
is probably low, and a more exact one can be computed from 
the more accurate value of the rate of disintegration observed in 
pure films of U 3 0 8 . Modern measurements indicate that 1 g of 
uranium composed of 0.9928 part of UI + UII and 0.0072 part 
of AcU emits a total of 2.515 X 10 4 alpha particles per sec. The 
decay of AcU contributes 574 alpha particles, and 24,580 are 
produced by the decay of UI and UII. 

Under conditions of complete radioactive equilibrium 1 g of 
UI emits a total of 9.90 X 10 4 alpha rays per sec, and 1 g of AcU 
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furnishes 5.58 X 10'' alpha rays per sec. This corresponds to a 
total activity of 10.21 X 10 4 alpha disintegrations per sec per g 
of U in equilibrium, and is about 5 per cent higher than Ruther¬ 
ford’s experimental value. 

It the symbols U f Th, and Sm represent the fractional abun¬ 
dance of the respective elements in 1 g of mineral, the respective 
contributions to the track count recorded by an emulsion in 
contact with the polished surface are expressed by: 

7\ i = 7.985 X I0 -5 X 0.9928(7 X 9.90 X 10 4 (3.9G - 0.84)/- 

= 24.49/'/' 

'(’a,,- = 7.985 X 10-"' X 0.0072C X 5.58 X 10 s (4.71 - 0.84)/- 
= 1 . 2 ) /'/ 

The total activity 7\- = 7’, , + T AcU = 25.73(>. 

Similar considerations show that the number of alpha particles 
escaping per second from 1 cm 2 ot a thorium mineral is expressed by: 

7 ’ti, = 7.985 X 10- 5 X 2.40 X 10*77,(4.81 - 0.84)/- = 7.80 77,/-. 

^Estimates of the disintegration rate of samarium range between 
07 and 150 al P ha particles per sec per g. A value of 89 ± 5 j s 
consistent with most determinations, yielding for the samarium 
contribution: 7’ Sm = 7.985 X 1 0 ~ 5 X 89Sm(1.13 - 0 84)/- = 

00021 Smi The combined alpha-ray activity of each unit area 
oi polished mineral surface is therefore: T a = T v -f T r] 4 - r j\ 

= f /3(( + 7.8077, + 0.00 2 l^)^. Since the samarium con¬ 
tent ot radioactive rare-earth minerals is well below 5 per cent 

t le track contribution of the samarium is in general negligible’ 
and the activity simplifies to: 

I a — vK25./3 U -T 7.807’//) (22) 

The validity of this equation was tested with the aid of several 
polished sections of radioactive minerals whose uranium and 
thorium contents were determined by chemical analyses of adja¬ 
cent portions of the same specimens. The observed track count 

in TabKT 1 T h the , C °7 Uted T “ ValuCS f0r these specimens 
able 21. It is evident that equation 22 coordinates the alpha- 

ray activity over a wide range of uranium and thorium contents 
P ' esent ln lmn(, rals of extreme composition, with a fair degree 
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of accuracy. The computed values are, however, invariably 
higher than the observed track counts. 

Table 21. Alpha-Ray Activities of Polished Radioactive Minerals 

Percentage Surface Activity, T a 


Specimen 

Ura¬ 

nium 

Tho¬ 

rium 

+ * 

Calc. 

Obs. 

% 

Diff. 

Pitchblende, Katanga, Bel¬ 
gian Congo 

76.7 


13.5 

266 

215 

19 

Pi tchblende, Shinkolobwe, 
Belgian Congo 

75.5 


13.2 

256 

186 

•27 

Pitchblende, Joachimsthal 

64.4 


11.8 

196 

141 

23 

Pitchblende, Great Bear Lake, 
Canada 

57.7 


10.6 

157 

125 

20 

Thorianite, Ceylon 

8.1 

74.8 

13.0 

103 

76 

26 

Samarskite, North Carolina 

9.6 

0.7 

9.0 

23 

15 

34 

Monazite, South Africa 


11.2 

9.2 

8.0 

6.7 

13 

Allanite, t Greenwich, Mas¬ 
sachusetts 

0.098 

1.55 

6.3 

0.93 

0.76 

18 

Kolm, Sweden 

0.3 

• • • • • 

4.0 

0.31 

0.27 

13 

Shale 

T races 

• • • • • 

4.7 

• • • • • 

0.03 



* The permeability was computed from complete chemical analyses of the 

• pa " % 

particular specimens. 17 

t The analysis of the allanite sample was made by Dr. J. P. Marble. 


The deviation results partly from the use of the Bragg-Klee- 
inan stopping-power law in evaluating the effective range of the 
alpha particles in the mineral. This relationship, as observed 
in Chapter 4, yields high values compared with experimental 
measurements of the range in heavy metals. The track count is 
also rendered low by the escape of emanation from the polished 
surface and the presence of minute non-radioactive inclusions in 
the specimens. The relationship expressed by equation 22 does 
not consider back-scattering of the alpha particles, which is 
probably an appreciable factor in solids composed of a large 
percentage of heavy atoms. 

Activities of Isolated Systems. Equations correlating the 
alpha-ray activity of solids containing uranium or thorium puri¬ 
fied from their radioactive equilibrium products are readily de¬ 
rived from the specific disintegration rates of the metals. Sys¬ 
tems containing the three naturally occurring uranium isotopes 
have a surface alpha-ray activity expressed by: 
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T a = 7.985 X 1(T 5 X 2.515 X 10 4 C(2.93 - 0.84)^ 

= E20 Ui (23) 

Equation 23 is applicable to alloy systems containing uranium 
as a component and to crystals such as uranyl sulfate or nitrate 
prepared from purified uranium oxide. For a thick slab of uranium 
metal, equation 23 yields a T a value ot (14.8 per sec per cm 2 . In 
exposures with a polished specimen of the pure metal a track 
count of 59.4 ± 0.5 per sec per cm 2 was observed. The difference 
between the computed and observed T a of 8.3 per cent is attrib¬ 
utable to the uncertainty in the exact range of the alpha particles 
in uranium metal. 

A similar expression can be derived for thorium composed of 
Ih 2i2 and Rdlli. It has little practical utility, however, owing to 
the presence of variable quantities of ionium, and to the rapid 
growth of other alpha-ray-emitting isotopes originating from the 
decay of RdTh. Solids containing only the plutonium isotope 
Pu 2! '' as the radioactive component have a surface alpha-rav 
activity expressed by: 

T a = 7.985 X 10- 5 X 2.3 X 10 ! 7 J a(3.(i8 - 0.84)^ 

= 5.21 X UTPui (24) 

Although equations 22 to 24 are serviceable in estimating the 
alpha-ray activity of infinitely thick solids on the basis of their 
chemical composition, the uncertainty in the coefficients does not 
permit the precise evaluation of the metal content from a track 
count. In quantitative work the exposure must be made on a 
thin film of known weight per unit area. 


DETECTION OF RADIOACTIVE EMANATIONS 

In the successive decay of uranium, actinouranium, and tho¬ 
rium to their stable end products the intermediary daughter ele¬ 
ments arc, at one stage, homologous to the rare gases of the 
periodic system. The isotopes of element 86, radon, actinon 
and thoron are gases, and are capable of diffusing through 
porous media during their transitory stable existence The ema 
nating power of different radioactive solids is a function of cx- 
i^cd surlacc area, crystal-lattice packing, and temperature. 
Certain minerals can retain the emanation better than others 
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and this was recognized by Starik S38 as an important factor in 

detei mining the suitability of the specimen as a geologic age 
indicator. 

Because of its long half-life radon has opportunity to diffuse 
from the interior of a uranium mineral and to decay in other 
surroundings, thereby diminishing the Pb 2(KJ and the helium con¬ 
tents oi the solid in which it was generated.* The continuous 
weathering of surface rocks also causes the liberation of emana¬ 
tions which contribute to the minute radon content of the atmos¬ 
phere, estimated at about 10“ 13 curie per liter of air. In pitch¬ 
blende mines or radium factories the radon concentration in¬ 
creases markedly. Measurements by Evans and Goodman E18 
show that in gas-mantle factories the thoron content may run 
as high as 23 to 400 X 10 -11 curie per liter. 

^ ^ ^ ^ ^ 1^1 ^31 10 on ground air indicate 
that part of the radon may be adsorbed on aerosol particles. The 
horizontal distribution of emanations in the atmosphere has been 
investigated by Baranov and Grachova. 1 * 3 This work indicates 
the possibility of exploring uranium deposits by measurements 
ot the radon content of the atmosphere at distant points of ob¬ 
servation. 

When an atom of radium decays an alpha particle is emitted 
and a recoil atom of radon results. When the event occurs on or 
near the face of a crystal, a fracture, or a polished surface, and 
if the alpha particle is directed into the solid, the radon atom 
will be ejected into the surrounding space. As a result, every 
radioactive solid has an emanating layer whose volume is equal 
to the product of the surface area by one-quarter of the maximum 
range of the recoil atom within the solid. At a given tempera¬ 
ture, assuming homogeneous distribution of the radioactive sub¬ 
stances and no diffusion of the radioactive gases, the emanating 
power of a substance may be defined as the ratio of the volume 
of the emanating layer to the total volume of the solid. 

* Behounek and Ivlumpar have questioned the existence of thoron in 
the atmosphere. Their measurements indicate that thoron does not escape 
even from open containers of ThX. Experiments with the emanation 
methods described in this section show that thoron escapes from thorium 
nitrate and that the gas is readily detected oven after diffusing through a 
thick sheet of filter paper. ThO' tracks are recorded by the emulsion, 
hence the activity of the gas cannot be attributed to radon originating 
from the decay of associated ionium. 



DETECTION OF RADIOACTIVE EMANATIONS 


167 


By increasing the surface area, either by mechanical grinding 
or chemical precipitation processes, the escape of emanation from 
a substance is greatly augmented. Experiments by Hahn 113 
show that at ordinary temperatures almost no diffusion of ema¬ 
nations occurs within closely packed inorganic crystal lattices or 
in compact structureless glasses. In compounds of this character 
the emanations escape entirely by the recoil mechanism. Proc¬ 
esses which loosen the crystal structure, like the desiccation of a 
hydrated compound, tend to augment the emanating power. 
When a crystal of BaCl 2 -2H 2 0 containing admixed radium is 
dehydrated, radon escapes with the water of crystallization. The 
process also increases the emanating power of the residual BaCl.. 

* 1 minerals, such as carnotite, will tend to 

exhibit a higher emanating power than uranium minerals which 
occur in the form of compact crystals. 

The electric charge carried by the recoil atoms is probably an 
important factor in emanation processes. The escape of radio¬ 
active atoms from a surface is not limited to gaseous daughter 
atoms as the recoil mechanism will also cause the ejection of 
‘‘solid” atoms when the event occurs near the surface boundary. 

v 

In general, recoil atoms behave like positively charged ions in a 
gas and are attracted to a surface of opposite charge. Studies 
on the radioactive gases indicate that when liberated bv recoil 
the radon and thoron carry no charge and hence are free to dif¬ 
fuse until they are transformed by spontaneous decay into 
charged atoms of other elements. 

Since the emanations decay with the emission of alpha par¬ 
ticles their presence in a gas is readily detected by tracks re¬ 
corded in nuclear emulsions.* The escape of radon and thoron 
is readily detected by passing a slow current of dry air over the 
solid and conducting the stream between two emulsions supported 
as described in the emanation camera in Fig. 29. Almost every 
atom of emanation that decays in the camera records an alplrn- 

* 1 h e first intimation ol the possibilities of the emanation method was 
obtained inadvertently while testing the sensitivity of the emulsions to 
gamma radiation. About 100 g of uncrushed thorianite crystals enclosed 
m a sealed heavy cardboard box was employed as the source, and the 
emulsion exposed above it for 2 days. On development the plate ap¬ 
peared fogged, but microscopic examination showed the presence of a high 
population of long-ranged alpha-particle tracks. 
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particle track on one of the two plates. The track population is 
further augmented by the subsequent decay of RaA, AcA, and 
ThA, as all three are short-lived. If a potential in excess of 135 
volts is applied between the two emulsions the positively charged 
recoil atoms of RaB, AcB, and ThB collect on the negatively 
chaiged emulsion, together with the remaining undecayed atoms 

of the A-bodies. Of the latter RaA is the most abundant as it 
has a half-life of about 3 min. 



Fig. 29. Emanation camera. 


a. Machined Bakclite form accommodating two 3 X l^i-in. plates with 
emulsion faces separated about 1 mm. 

b. Nuclear-type emulsions. 

c. Brass or aluminum electrodes making contact with glass backing with 
the aid ot lead foil. The potential is supplied by three or four 45-volt 
dry cells connected in series. 

(/. Small-bore glass tube connecting camera with the air flowing over 
the source. 


If, after termination of the gas flow, development is delayed 
for about 2 days to permit the collected recoil atoms to decay 
through the C-body stage, a series of II-branched events will be 
recorded on the negatively charged emulsion that permits the 
differentiation of radon and thoron. The track population on 
the positively charged emulsion is an approximate measure of 
the number of emanation atoms that decayed in the camera dur¬ 
ing the gas flow. The negatively charged emulsion has a popula¬ 
tion of single tracks which exceeds that on the opposite plate as 
a result of subsequent decay of the collected recoil atoms. 

When radon is present in the gas stream a large number of 
II-branched events are recorded on the collector plate owing to 
the decay of atoms of RaA through the RaB and RaC' stages. 
These multiple events have branches of 4.66 and 6.91 air-cm and 
provide distinctive evidence for the presence of radon in the gas 
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stream. \\ hen thoron decays in the camera, the active deposit 
is composed almost entirely of ThB. On delayed development, 
the ThB decays by beta emission and single alpha-particle tracks 
are recorded from the almost immediate decay of either ThC or 
ThC'. The branching ratio favors the formation of the very 
long ThC' alpha-particle tracks, and these serve as an indicator 
for thoron. 

This simple technique will demonstrate the escape of emana¬ 
tions from a few grams of crushed mineral. Dry air is passed 
through a tube containing the sample at room temperature at a 
flow oi about 2 ml per min. The flow is prolonged in accordance 
with the size of the sample and its radioactive metal content. 
A 1-hour period suffices lor the detection of radon escaping from 
10 g of carnotite containing about 5 per cent uranium. The 
escape of thoron from the natural crystal faces of thorianite is 
also readily demonstrated. The sensitivity of the method can 
be increased by powdering the mineral and conducting warm dry 
air through it. The detection of minor quantities of radon in the 
emanations from an essentially thorium-bearing mineral is facili¬ 
tated by increasing the length of the tubing connecting the source 
with the camera. Because thoron is short-lived, the bulk of the 
atoms will decay during transit, and thus the gas entering the 
camera will be enriched in radon. 


EMANATING POWER OF POLISHED SURFACES 

The emanations have a recoil range of about 0.01 air-cm. Bv 
assuming a stopping-power relationship similar in form to the 
Bragg-Kleeman rule, it is possible to approximate the effective 
range of the heavy recoil atoms in radioactive solids of diverse 
atomic composition. I nder conditions of radioactive equilib¬ 
rium, and in the absence of internal diffusion, it is then possible 
to estimate the number of emanation atoms G ejected per sec 
per cm 2 of polished surface. On this basis the range of a recoil 
atom in a solid of density d and permeability * is 3.2 X 10“ G «///d. 
and the number of atoms of radon ejected by recoil G Rn is: 

3.2 X 10~ G * 9.9 X 10 4 

L Hn =--- X - X--- X 0.99281/d = 0.01*7* (25) 
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The rate for actinon and thoron is, likewise, (7 An = 0.00046t/^ 
and G tn = 0.00337%*. 

Since chemical analyses of the minerals are usually not avail¬ 
able it is more convenient to express the recoil rate in terms of T a 
which can be established experimentally for the identical polished 
specimen. For minerals containing uranium as the chief radio¬ 
active constituent the combined rate of radon and actinon ejec¬ 
tion is 0.00039 T a atoms per cm 2 per sec. Likewise, in thorian 



Fig. 30. Camera for measuring emanating power of polished surfaces. 

a. Paraffin-impregnated wood block accommodating two Bakelite-mounted 
specimens. 

b. Rubber gasket about 1 mm thick. 

c. Filter-paper barrier for alpha particles emitted from surface. 

<1. Nuclear-type recording emulsion. 

c. Clamping plate. 

minerals thoron is ejected at a rate of 0.00042 T a atoms per cm 2 
per sec. These rates are minima applicable only to compact 
radioactive minerals. In general, the total rate of emission will 
be appreciably higher because of the absolute surface exceeding 
the geometric area and the escape of emanation from fissures 
within the solid. 

The number of emanation atoms ejected from a surface can 
be determined from the population of alpha-particle tracks re¬ 
corded on a nuclear-type emulsion which is exposed only to the 
radioactive gases. The exposure is conducted at room tempera¬ 
ture in the block described in Fig. 30. A disk of filter paper 
about 0.2 mm thick stops the alpha particles originating from 
the surface but permits the emanations to diffuse through it. 
Atoms of radon or thoron which decay in the 2-mm air gap 
between the emulsion and the filter record tracks, and the popu- 
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lation is further augmented by the subsequent decay of the A- 
and C-bodies.* During a long exposure the decay of each ema¬ 
nation atom results in the ejection of three alpha particles, and 
geometric considerations indicate that approximately % of these 
will record tracks in the emulsion. Therefore each recorded 
track corresponds to the disintegration of one atom of primary 
emanation. 

On the basis of these simplifying assumptions the total num¬ 
ber of emanation atoms that escaped from the mineral as a result 
of both diffusion and recoil processes, n c , can be computed from 
the track count P recorded per unit area and the disintegration 
rates of the respective gases. If recoil atoms are produced at 
the continuous rate of G atoms per sec per cm 2 , and the exposure 
is conducted for t sec, the total number of emanation atoms 
escaping per square centimeter is given by: 


n c — P -f- 


G(\ 


— e 


-\t 


) 


(2b) 


Actinon and thoron have very brief half-lives, making the second 
term in equation 26 negligible in exposures of long duration. For 
the long-lived radon, the number of undecayed atoms is ap¬ 
preciable, and after the standard experimental exposure period 
of 48 hours the total number of ejected radon atoms is 
P + 1-44 X 10 r, G atoms per cm 2 . 

> Tllis 18 a true measure only when the gas accumulates exclu¬ 
sively bv recoil from the emanating layer. In highly porous 
materials the concentration is augmented by diffusion from the 
interior of the specimen. Since the second term in equation 26 
applies only to those radon atoms originating from surface recoil, 
n c will be low when diffusion is rapid. This uncertainty is a 
weakness in the method, which is reduced by preparing all test 
samples in the form of thin slabs of nearly equal thickness. The 
geometric surface area of the radioactive components is deter- 

* Actinon and thoron decay rapidly, and an appreciable fraction probably 

( ^integrates within the filter. Experiments with compact thorian minerals 

and thorium nitrate crystals show that thoron reaches the air ® ap as 

proved by the appearance of Tn and ThC' alpha-particle tracks on the 
emulsion. 
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mined by projecting an alpha-ray pattern of the polished section 
and tracing the enlarged outlines on a sheet of paper. The 
weights of these irregular cutouts is a measure of the radioactive 
surface area. 

Table 22. Emanating Powers of Uranium and Thorium Minerals 


Mineral 

Obs. T a 

P 

G 

n e 

ne/G 

Pitchblende, Great Bear Lake, 
Canada 

186 

0.018 

0.074 

0.071 

0.96 

Pitchblende, Joachimsthal 

141 

0.0041 

0.056 

0.051 

0.91 

Carnotite, Colorado 

29 

0.29 

0.012 

0.30 

25 

Carnotite, Utah 

48 

0.490 

0.019 

0.51 

27 

Autunite, Mt. Painter 

55 

0.121 

0.022 

0.14 

6.3 

Monazite, South Africa 

6.7 

0.004 

0.0028 

0.004 

1.4 

Thorianite, Ceylon 

76 

0.050 

0.032 

0.050 

1.6 


The ratio n r /G of the total number of emanation atoms to 
those ejected by recoil from the polished surface is recorded in 
Table 22. When the radioactive gases escape only by recoil the 
ratio has a value of unity. A large departure from unity is in¬ 
dicative of diffusion of emanation from the interior of the sample. 
Compact samples of pitchblende yield ratios close to unity indi¬ 
cating that the radon escaped essentially by recoil from the pol¬ 
ished surface. In the case of carnotite the high n e /G ratio dem¬ 
onstrates diffusion of radon from within the mineral. 

These results are in harmony with available data on the rela¬ 
tive emanating powers of powdered minerals of similar composi¬ 
tion. Bolt wood B31 observed a 1.4 per cent loss of available radon 
during grinding of a dense uraninite crystal, whereas carnotite 
lost 33.6 per cent of its emanation. More recent studies by 
Keevil KG on the radioactivity of wall rock surrounding carnotite 
ores are also in conformity with a rapid diffusion rate. 

These preliminary studies 117 indicate that the nuclear-type 
emulsion provides a scmiquantitative tool for the measurement 
of radioactive emanations. The method should prove serviceable 
in studies of the relative emanating powers of powdered mate¬ 
rials containing radium isotopes. The method is one of extraor¬ 
dinary delicacy. The recoil rate in the specimens investigated 
is only about 3 atoms per min per cm 2 . Nevertheless, by pro¬ 
longing the exposure for 2 days, an adequate track population 
is provided by specimens with a surface area less than 5 cm 2 . 
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The surface alpha-rav activity of unaltered uranium and 
thorium minerals is usually le>s than 200 tracks per cm- per sec. 
Microscopic examination of the alpha-ray patterns of altered 
minerals reveals the presence of occasional minute points or lines 
of much higher activity. These areas may have a photographic 
density exceeding that of the matrix mineral bv a factor of 100. 


Vm. 

tern 



-51 . 


nnmocolloid dc] 

% 4 % > • A m m 


'WSJ1 lull 


' . . ''' I v • mpiuriin ] ’. 1 ' ' 

bright-field illumimilion. magnificat ion 10X- Pitchblende sample 

from Central ('ity, ('olorado. 


I he* active points exhibit structural features in common with the 
more active radiocolloids observed in loaded emulsions. Typical 

lormations recorded in the autoradiography of polished mineral 
sections are shown in Fi«r 31. 

I he nati\e I'adiocolloids are otten deposit(*d in cjuartz or other 
finedy interdispersed gangue apparently unassociated with any 
parent uranium mineral. A mechanism for the formation of 
radiocolloids in altered minerals has been suggested bv Ya- 
goda.' 11 Oxidation ol associated sulfides product's tract's of 
sill I uric acid which are carried by surface waters into the more 
porous portions of the deposit. The dilute acid attacks the 
altered minerals and effects solution of uranyl, lead, and radium 
ions. In this solution the traces of radium are probably dis¬ 
pelled as radiocolloids composed of radium and lead sulfates. 
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In percolating through the interface of adjoining pitchblende 
layers, or fissures in surrounding gangue minerals, the radiocol¬ 
loids precipitate in the capillary structures. This process results 
in the formation of a localized concentration of radium and a 
uranium-bearing filtrate deprived of its equilibrium amount of 
radium. The radium concentrated by this mechanism, devoid 
of parent uranium or ionium, decays rapidly to Pb 20C . The 
present-day activity of the native radiocolloids is due primarily 
to traces of undecayed radium, their chemical composition being 
essentially lead sulfate. 


The presence of lead coincident with the particular points on the polished 
surface that furnish radiocolloid images has been demonstrated by chemi¬ 
cal printing methods.'’ 11 The polished section is contacted with a gelatin- 
coated paper moistened with 2 N ammonium acetate solution. This re¬ 
agent dissolves lead sulfate but does not extract the lead held in solid 
solution in the unaltered portions of the primary uranium mineral. On 
developing the contact print with a 0.1 per cent solution of dithizone in 
10 per cent KCN, a red-colored lead derivative precipitates in the gela¬ 
tin. Comparative microscopic examination of the lead prints and the 
alpha-ray patterns shows a close correlation between the points of ab¬ 
normal alpha-rav activity and extractable lead. 


The activity of the native radiocolloid bodies can be meas¬ 
ured with the aid of the dual-exposure technique described in 
Chapter 3. The size of the black core, as recorded in the long 
exposure, is a linear function of the number of radial tracks 
counted in the brief exposure. The radiocolloid cores, Fig. 24.4 
(p. 125), as observed under dark-field illumination range be¬ 
tween 30 and 100 microns in diameter. Structures of comparable 
dimensions are usually not evident on corresponding points of 
the polished surface. This indicates that the capillaries contain¬ 
ing the (Pb, Ra)S0 4 are of much smaller dimensions. Measure¬ 
ments on a sample of Cornwall, England, pitchblende, particu¬ 
larly rich in radiocolloids, indicate that they possess a T a value 
of about 3000. Since the dimensions of the radiographic cores 
originate from obliquely incident alpha particles, this estimate 
may be low by a factor of 5. 

The separation of certain radioactive constituents from their 
parent elements as a result of weathering and radiocolloid depo¬ 
sition probably also takes place in exposed rocks. Surface coat¬ 
ings of secondary uranium minerals, such as autunite, occur fre- 
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quently with abnormally low alpha-ray activities. Age deter¬ 
minations, described by Holmes, 1133 indicate that these minerals 
are of comparatively recent origin, some being perhaps no more 
than 50,000 years old. Secondary minerals of this sort were 
probably formed by the crystallization of uranium solutions 
leached from primary ore bodies. These solutions, depleted of 
their equilibrium radium content by radiocolloid deposition, pro¬ 
duce secondary minerals with an alpha-ray activity only slightly 
highei than that of purified uranium compounds. 

The radiocolloids concentrate in localized spots or capillaries 
of the adjoining rocks and impart to the mass an alpha-ray ac¬ 
tivity in excess of the true uranium or thorium content held in 
solid solution. The difficulties encountered in sampling rocks for 
radioactivity measurements, discussed by Evans and Good¬ 
man, 11 - are attributable to the presence of radiocolloids. As 
shown in the section on activity in rocks, the radiocolloids are 
not distributed uniformly, and the deviation between duplicate 
check analyses of powdered-rock samples mav originate from 
uneven dissemination of the intensely active specks. 

Available data on the content of radioelements in sea and 
lake waters also indicate a large-scale geochemical separation 

° “ lamum and radium during alteration processes. Sea water 
is deficient in radium as compared with its uranium content, 
tndei conditions of radioactive equilibrium the Ra/U ratio has 

a constant value of 3.4 X 10 -*. Measurements by Rona™ 

ffTv n- 7 ln r u Va ! Cr this ratio ran S es between' 0.24 and 
. ’ In a R ’d studies on the concentration of radium 

1,1 r™ ° rganisms Rona 11,0 concludes that the lower radium 
content of ocean water cannot be accounted for by concentration 
processes in the bodies of algae and plankton 

Piggot and Urry likewise find that there is much less radium 
in the ocean water and much more in the bottom sediment than 
is appiopriate to the uranium present in each place The higher 

zrss “* r i,o “ i,,ij ' f-o,n u,o ®o n : 

nuous ac,dltlon ot uranium solutions denlpfpH nf ■ r 

ljy surface ad*,,,,,..,, lllc „.e*! f “v‘, 'Zt"2 

.. ~ latest 
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DETECTION OF RADIOACTIVE GRAINS 

In the microscopic identification of minerals it is common 
practice to orient grains for refractive-index determination on a 
gelatin-coated slide. The identical technique can be employed 
advantageously in testing individual grains for alpha activity by 
substituting a nuclear-type emulsion as the embedding medium. 



Fig. 32. Differentiation of radioactive and inert mineral grains. Dark-field 
illumination; magnification 310X- Showing a fragment of enrite surrounded 
l)> alpha-particle tracks and an adjacent fragment of nonradioactive gangue 
associated with the mineral. Note minute grain in lower-right corner 
measuring about 3 microns, indicating its radioactivity by two emergent 

alpha-particle tracks. 


The emulsion is softened by a brief immersion in distilled water, 
and the mineral grains are sprinkled over the moist surface. 
When on drying the gelatin resets the grains become embedded 
superficially and are not readily dislodged by subsequent photo¬ 
graphic processing. After several days' exposure grains contain¬ 
ing appreciable quantities of uranium or thorium are differenti¬ 
ated from the noil-radioactive fragments by the development of 
a halo of radiating alpha-ray tracks, as illustrated in Fig. 32. 

The number of tracks recorded about a grain is a complex 
function of its size, shape, activity, and the period of exposure. 
It is difficult to evaluate the uranium or thorium content from 












DETECTION OF RADIOACTIVE CHAINS 


1 


/ / 


the surrounding track count. As a qualitative test, however the 
method is both sensitive and selective. A fragment measuring 
10 microns in average diameter, containing about 50 per cent 
uranium, will record about 20 tracks per day of exposure The 
isolated grain contains less than 10-» g of uranium, and its activ¬ 
ity would be difficult, if not impossible, to measure bv electrical 
counting instruments. 

By extending the exposure to 10 days, grains containing more 
than 1 per cent uranium, or equivalent thorium, can be detected 
readily in the presence of preponderant numbers of non-radioac- 
uve fragments. When the sample is composed of minerals of 
both low and high activity, the plate may record some random 
racks originating from the decay of emanations. Xon-radial 
tracks may also originate from alpha particles ejected from the 
upper portions of the larger grains and directed at small angle* 

" the P lilne tlll> emulsion. As a lower limit, a grain i* 

judged to be radioactive when at least two radial tracks are re- 
corded around it. 

The method is of practical application in the study of core 
(hillings. The crushed sample is screened and a S0-on-100-me*h 
fi action is isolated for exposure. In order to facilitate micro- 

irr: thC T lple can 1,6 c <’” c ™trated by flotation 
netl ods. The heavy radioactive minerals sink in methylene 

Kl.de and are thus concentrated along with other heavy min- 

o.a s. The heavy fraction is transferred to a filter and washed 

Mtl. successive portions of ether and methyl alcohol until freed 

um residual suspension fluid. A uniform grain dispersion on the 

(mulsion surface is secured by the following procedure: 

,iish " i,h — s., a ke 

and Pom- the mixture into thj'diT Hock U° f f P< ''' m,t aIco, '° l - 
allow the ,,-aias , ( .„le „ ho „ 1 , H ' ^o ami 

omd.lv. and expose for several Z-* il l 7"' "' OI " 

S s ir ,opinR one ..— m 

an appreciable'sample C per Afield m ^ nificatio ” 80 as to encompass 
«'Pl» eack, are S i reS„ l U a ^t r “ d<l fi illU , mi "‘ ti0n - 

focustng t.n translucent grains colors | \ ! gnlficat P n ' B >' 

.. 
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tion of species. Likewise, the grains can be observed in immer¬ 
sion fluids of known refractive index. In determining optical 
characteristics, it must he cautioned that secondary minerals of 
appreciable solubility become superficially altered during photo¬ 
graphic processing. Refractive-index determinations must there¬ 
fore be made on a separate slide. Other applications of nuclear- 

type emulsions in prospecting for uranium ores are described 
by Ciier C3 ~ and by Joliot-Curie. J3 


STRUCTURE OF ALTERED MINERALS 


The autoradiograph of a mineral surface serves as a repre¬ 
sentative measure of the distribution of the radioactive con- 



Fig. 33. Alpha-ray patterns of uraninite specimens. 

prints, about IX- 


Reproduced as positive 


A. I nallered uraninite crystals in a feldspar matrix. Spruce Pine, North 
Carolina. 

f 

B. External alteration exhibited by a single crystal of uraninite from 
Morogoro. East Africa. 

C. Highly altered uraninite nodule from English Knob Mine, Spruce Pine, 
North Carolina. 


stituents within the mass. The pattern of unaltered specimens 
is one of essentially uniform photographic density. Altered min¬ 
erals yield an image of variable blackness whose localized in¬ 
tensity is dependent on the composition of the hydrated or oxi¬ 
dized components. Typical patterns produced by unaltered and 
geochemicallv altered specimens of uraninite are compared in 
Fig. 33. 














ACTIVITY OF ROCKS 17<j 

Radiocolloids are occasionally deposited along fine fissures of 
an altered mineral, and these produce an abnormally high photo- 
giaphic density along corresponding lines of the autoradiograph. 
The alpha-rav pattern reveals non-radioactive inclusions that arc 
difficult to detect by visual inspection of the polished surface 
when they possess a color and luster similar to those of the 
matrix. I hese factors are of importance in the selection and 
sampling of specimens for their lead, uranium, and thorium con¬ 
tents when the data arc to be employed in the estimation of the 
age ot the mineral. The importance of autoradiography in this 

field of investigation is discussed in the work of Kovarik K1 ° and 
Marble. M(5 

The nuclear emulsions arc particularly suited for autoradio¬ 
graphic studies as their high resolving power permits detailed 
microscopic study of the resultant pattern.' v, ° The entire pattern 
can he enlarged 10-fold by the usual methods of projection print¬ 
ing. Also, small details of the primary alpha-ray pattern can 
be enlarged 200-fold by photomicrography. 

Large polished slabs representing complete cross sections of 
the specimen are best employed, when ample material is avail¬ 
able, as such sampling yields a complete pictorial representation 
of the surface variations in alpha-ray activity. Small chips 
selected at random during the preliminary stages of crushing are 
also satisfactory but require mounting in Bakelite. The duration 
of exposure varies with the activity of the minerals. Specimens 

containing 60 to 20 per cent uranium yield patterns of adequate 
contrast after 2 to 6 days’ exposure. 


activity of rocks 

The distribution of radioactive components in specimens con¬ 
taining less than 1 per cent uranium is best determined l.v micro- 
■scopic examination of the track population. The production of 
a visually discernible image on fine-grained emulsions neeessi- 
ates unpractically long exposure periods. Minerals with a T 
of record over 86,000 tracks per cm* after a 24-hour exposure" 
and this population is ample for microscopic examination. By 
pi (.longing the exposure for 10 days, specimens containing only 
0.1 per cent uranium provide a track population sufficiently dense 
for microscopic differentiation between solid solutions and state! 
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of segregation. Clusters of alpha-particle tracks are readily evi¬ 
dent at magnifications as low as 100X, and this permits a rapid 
survey of moderate-sized samples. 

\ isual impressions of the relative track abundance often suf¬ 
fice for the detection of marked variations in surface activity. 
A more satisfactory method is to plot the track count per field, 
at each 1-mrn setting of the stage, on a suitably enlarged coordi- 



Centimeters 


• Visual blackening 

* Radiocolloid aggregate 

+ Track populations of 2 to 0.1/cm 2 /sec 
/ Track populations of 0.09 to 0.01/cm 2 /sec 
•• Scattered tracks (not reproduced in topograph) 

(a) 



Fig. 34. Study of radioactive segregation in a beryl ciystal. 

a. Graphical distribution of segregates as observed microscopically in the 
alpha-ray pattern of a polished crystal face exposed for 858 hours. 

b. Photomicrographic detail of a segregate in zone B of topograph. 
Dark-field illumination; magnification 5SX- This inclusion measured 150 
microns in diameter and possessed an activity of 2 tracks per cm 2 per sec. 


nate scale. A topograph showing the track distribution in an 
emulsion exposed to one face of a beryl crystal is reproduced in 
Fig. 34. This study is of particular interest in revealing the 
presence of a minute grain of a radioactive mineral and zones of 
abnormally high alpha-ray activity within the beryl. Their pres¬ 
ence probably contributes to the high helium content observed in 
many specimens of this mineral.* 


* Beryl is composed of a large proportion of beryllium nuclei, and speci¬ 
mens containing localized alpha-ray-emitting elements constitute a natural 
neutron source of low activity. 1 he formation of neutrons in ceitain 
beryllium minerals, such as gadolinite, from the Be 9 (a/<)C 12 reaction has 
been considered probable by von Hevesy ' 13 and Hahn. 114 






ACTIVITY OF ROCKS 



1S1 

By prolonging the exposure to 1000 hours the distribution of 
activity in normal rocks can be approximated. The interpreta¬ 
tion of low track populations is rendered difficult by the simul¬ 
taneous growth of background tracks. Rocks containing 10~ 12 g 
of Ra per g have nearly the same activity as the background, 
and the count is significant only when distinctive segregates are 
encountered. In an experiment with a cleavage plane of feldspar 
exposed for 858 hours, the track 
distribution was essentiallv uni- 
form over the entire surface. 

After correction for background, 

C_7 

the T of the crvstal was 4 X 
10 -4 . In a low-power explora¬ 
tion of the plate several localized 
points of high activity were en¬ 
countered. The pattern of the 
most pronounced point segregate 

is reproduced in Fig. 35. The 
tracks originate from an area less 
than 1 micron in diameter, and 
the event is indicative of radio¬ 
colloid deposition. These scat¬ 
tered points of high activity are 

probably responsible for the difficulties encountered in the sam¬ 
pling of powdered rocks for radium analyses. 

The track-counting technique has also been employed bv 
Baranov and Kretschmer 152 in the study of the activity of gran¬ 
ites. The method has been extended by Baranov, Zhdanov, and 
Deizenrot-Mysovskaya 154 to the localization of radium in sedi- 

ks and in plant tissues. The application of nuclear- 
type emulsions in radioactive studies of rocks has also been 
investigated by Joliot-Curie. JS In all these studies the activity 
of the polished slab of rock is computed by treating the specimen 
as an infinitely thick radioactive source with ] / 4 effective re¬ 
cording geometry. All investigators conclude that long exposures 
of several months’ duration are essential and that the method is 

of primary utility for indicating uniform distribution or segrega¬ 
tion within the sample. 

An ingenious modification of the technique lias horn described bv 
Hec which facilitates the correlation of track counts with specific min- 


Fig. 35. Radioactive point segre¬ 
gate in feldspar. Dark-field illumi¬ 
nation; 110X magnification. 
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oral inclusions in tl,e rock. A polished thin section about 30 microns 
thick is contacted w.tl. the emulsion for about three weeks. Just before 
de\e opment the unit is briefly exposed to white light. This causes the 
development of a superficial layer of fog beneath the transparent inclu¬ 
sions such as quartz, feldspar, and zircon and differentiates areas exposed 
beneath translucent or opaque components as biotite or hornblende. 
M en the emulsion ,s examined with a sharply focusing objective the 
alpha-particle tracks can be discerned beneath the layer of optical fog 

In a sample of granite studied by this method the alpha activity was 
found to he associated chiefly with the zircon inclusions 


CLASSIFICATION OF URANIUM AND THORIUM 
MINERALS IN POLISHED SECTION 

Since the photographic density and the track count are quan¬ 
titative measures of the uranium and thorium content, the emul¬ 
sion technique permits a classification of the radioactive minerals 
based on their surface alpha activities. Though the track count 
provides an accurate activity measurement, its magnitude is only 
of limited application as a definitive index for species identifica¬ 
tion. The radioactive minerals are rarely of a fixed chemical 
composition but more often represent substitution systems of sev¬ 
eral elements of equal valence or similar ionic radius. The com¬ 
position of an ideal unaltered crystal of uraninite is essentially 
U0 2 associated with variable quantities of radiogenic lead, de¬ 
pending on the age of the specimen. During its crystallization 
Part of the U0 2 can be replaced by isomorphous ThO,, as in the 
variety broggerite. The alpha-rav activity of such crystals will 
be reduced owing to the slower decay rate of thorium. An even 
greater reduction in activity results from the substitution of Ce0 2 

and other rare-earth oxides, as in the varieties cleveite and 
nivenite. 

The absence of radioactive equilibrium is a further factor lim¬ 
iting the utility of T a as a species index. Complete equilibrium 
conditions are attained when the mineral has remained unaltered 
for 1,000,000 years. Minerals of recent geological origin exhibit 
activities intermediate between that of the pure parent elements 
and the total system of radioelements. As an example, radio- 
chemically pure calcium uranyl phosphate has a T a of 22, which 
increases to 136 when complete equilibrium with all members 
of the radium series is finally attained. The mineral autunite, 
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of identical chemical composition, usually exhibits 7’ values 
langing between 30 and 55, depending on age of the locality Be¬ 
cause of these limiting factors the method is serviceable only in 

allocating the primary radioactive minerals among several widely 
separated activity groups. ^ 

As all rocks contain minute quantities of radioactive elements 
it is difficult to draw a sharp dividing line between the radio¬ 
active and stable nnnerals. From an economic point of view the 
ore may be considered radioactive when the radioelements can 
be extracted profitably. This is dependent on the mode of dis- 
tnbution of the uranium and thorium. If held in solid solution 
"'.t un a refractory host these elements can be extracted only bv 
<'ustly chemical operations. When segregated, the radioactive 
grams can be concentrated by inexpensive flotation methods I„ 
Ins inspect, the emulsion is a unique tool for the determination 
of the state of dispersion of the radioactive components. 

Mien radium was the element of primary interest, carnotite 
boils containing about 0.2 per cent U :| 0 S were considered workable 
ores, before the discovery of the pitchblende deposits in Belgian 
Congo and Canada. In seeking sources of uranium for ate:,!" 
in cs, shales containing only 0.02 per cent uranium may be con- 
su^mUs potentia! ore. Minerals containing about 1 per cent 
m y a = 1.31 or thorium I T a = 0.4 1 may thus be consid- 

aS (h " lnct,y rudloactive <>f economic importance if the 
g ains can be concentrated readily from extensive deposits The 

alpha-ray pattern is made by the dual exposure technique I„ 

w n b;; r ra : lioactiw - of 

■ions but the activities of individual grains can be estimated 
fioin the track count when their diameter exceeds 0 3 mm 
About 150 radioactive mineral species have been it" Ld in 
ic inmeialoguad literature. Extensive tabulations of these min 

- % by «* -re":: 

- ^ l:: foun't:r s a r: r ,::r e t ty and 

common minerals are listed in Table 23 with activity r 
measured in samples from different geologic localities. The “ST 
ace ac ivit.es are serviceable in identification of the species in 

St^:^. When CmPl ° yed hl "i‘h chemica" 
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Table 23. 


Mineral 

Uraninite 

Broggerite 

Cleveite 

Pitchblende 

Gummite 

Clarkeite 

Curite 

Soddyite 

Vandenbrandite 

Thorianite 

l Jranophane 

Torbernite 

Carnot ite 

Autunite 

Betafite 

Uranothorite 

Ferrothorite 

Samarskite 

Euxenite 

Priori te 

Polycrase 

Fergusonite 

Eschynite 

Monazite 

Mierolite 

Allanite 

Kolm 


Classification of Common Radioactive Minerals 


Ideal Composition 

Color 

Hard 

ness 

Meas¬ 

ured 

Ta * 

UO 2 -j- var. Pb 

Black 

5-6 

215-160 

UO 2 -f Th 02 + var. Pb 

Black 

5-6 

170-160 

UO 2 + rare earths 

Black 

5-6 

176 

t^Os -f- var. Pb 

Black 

5-6 

186-140 

UO 3 • /iH 2 0 

Orange 

2-5 

135 

Sodian gummite 

Brown 

4 

155 

2PbO • 5U0 3 • 4H 2 0 

Orange 

4-5 

134 

12U0 3 -5Si0 2 - 14H 2 0 

Yellow 


115 

Cu0U0 3 -2H 2 0 

Dark green 

3-4 

115 

Th0 2 + var. Pb 

Black 

6 

111-76 

CaO • 2U0 3 • 2Si0 2 • 6H 2 0 

Yellow 

2-3 

97-50 

CuO • 2L () 3 • P 2 ()5 • 8 H 2 () 

Green 

2 

97-82 

Vanadate of U -f- K 

Yellow 

Soft 

48-29 

Ca0-2U0 3 P 2 0 6 -8H 2 0 

Pale yellow 

2 

55-40 

Multiple oxide f 

Brown 

4-5 

29 

Silicate of Th + U 

Orange 

5 

25-15 

Ferrian thorite 

Reddish brown 

4K 

18 

Multiple oxide 

Dark brown 

5-6 

21-15 

Multiple oxide 

Brown 

5-6 

24-16 

Multiple oxide 

Black 

5-6 

20-8 

Multiple oxide 

Brown 

5-6 

12 

Multiple oxide 

Brown 

5-6 

12 

Multiple oxide 

Black 

5-6 

10 

Rare-earth phosphate 

Brown 

** 

0 

7-4 

Multiple oxide 

Brown 

5 

1.6 

Cerian epidote 

Black 

5-6 

0 . 8 - 0.2 

Hydrocarbon 

Black 

Soft 

0.3 


* Ranges indicate extreme values observed in specimens from two or more 
localities. 

f Multiple oxides are composed of Cb, Ta, and Ti with variable quantities 
of U0 2 , ThOo, rare earths, and other metallic oxides. 


The morphology of the alpha-rav pattern is occasionally of 
aid in the differentiation of pitchblende from uraninite. This 
mineral appears to have been deposited from colloidal disper¬ 
sions of uranium oxides. As a consequence, specimens of pitch¬ 
blende frequently exhibit botryoidal, colloform, cellular, and 
spherulitic forms typical of the slow solidification of solids from 
a gel state. These structures differentiate pitchblende from the 
crystalline radioactive minerals found in pegmatites. The struc¬ 
tures are usually visible when the polished section is examined 
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by vertical illumination, but they arc revealed in greater con¬ 
trast and more specifically in the autoradiograph.' Iron and 
manganese ores, occasionally associated with pitchblende al-o 
exhibit colloform structures. Typical colloform structures re¬ 
vealed by the alpha-ray patterns of pitchblende arc reproduced 



I'.G. 36. Colloform structa,res in pitchblende. Fnlar.ement prints (10 X ) 

of details from the alplui-rav pattern. 

Lat.“r f,ae,nentS diSP0, ' S, ' <1 in hem “ lite >•>« « -ample from Hot,ah 

... . .. 

in Fig. 36 The type structures arc not alwavs present in small 
fi'on the t r mi ° nS ' T1,Cy a ' C Picuous i„ sample- 

;r b=; tS 1 .-... <**»*«-»*»*. l * 


Chapter 8 • ALPHA TRACERS IN 

CRYSTALLOGRAPHY AND METALLURGY 


H is possible that the nuclei of radioactive atoms composing a 

crystal may be oriented in space under their mutual forces. If this 

be the case, some asymmetry in the emission of alpha particles 
might be expected. —Rutherford, 1930 


SPATIAL ORIENTATION OF RADIO IONS IN 

CRYSTALS 

The visualization methods described in the study of radio¬ 
active minerals are also applicable to synthetic crystals isolated 
fiom solutions or melts. Crystals are grown by mixing a nearly 
saturated solution of the matrix compound with minute amounts 
of radioactive ions and allowing the solvent to evaporate slowly 
in order to favor the growth of a few large crystals. The concen- 
tiation of the radioactive components is adjusted in accord with 
theii disintegration rates. A suitable ratio of active to inert 
atoms can be approximated by assuming a uniform distribution 
in the crystals and adjusting the concentration of the tracer 
atoms so that the final preparation has a T a of about 200. 

Ci3 stals aie removed from (lie mother liquor, at successive stages of 
glowtli, with the aid of thin paraffined slats, and are freed from adhcrin. 
liquid b} r being rolled over filter paper. Autoradiographs of flat crystal 
faces can be made by direct contact with the emulsion. The crystals can 
also be embedded in paraffin wax, as described in Chapter 3, and a pattern 
secured of the oriented polished cross section. 


r 

r* 


may be perfectly uniform, as in a homo¬ 
geneous crystal of uranyl sulfate, or when the admixed radio ion 
enters into solid solution with the host, as occurs when lead 
nitrate separates from solutions containing RaD. More often, 
however, the activity will be discontinuous and a series of svm- 
metric depositions outlining growth zones will be observed. The 
character of the pattern is dependent on the nature of the tracer 
ion, matrix composition, and rate of crystal growth, and it is 
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SPATIAI. ui;ii:\TATlu\ IX ( ' I; VsT \ I s is: 

pmhahly further influenced 1 »y tin* presence of i runs ,,f mher 
non-radioart ivc ions in tin- -ohitiou. 

I It< (*lini< jim* of crystal antora<lio-raphy |,a- l.<n, , mj>1<*y«»«I 
extcnsi\civ l>y Ilalm and 1 1 is eollahorat• »rs llj ;{ in tin- <• Iu<*i<{.* 1 1 i<*n 
<>t coprecipitation mechanisms. By incorporating; x-veral radio- 
a<-ti\-c species into the same salt solution it is po»il,|,. t,, xtidy 
,,l< ‘ at ion ot each one hy making successive exposure- of 



•, *- 
«)< . 



.V' 1 1 ium in crystal „f 
1 'Wiir Mint of Iilpl.n-n.v j.i.tl. ,n. 



• r<»111:11 • 


"7 Cry ; ,: ‘! S al nil,,rvals "ill, the 11i-i 11 1i«,n 

" f " H ‘ ‘ of potassium sulfa,,. j„ 

"y Of TliX-r;t(|i„„i, and HaF-pnln„im„ 

<•xlnl.it inui-k.-.lly 11, II (Tout , lop, ,0. ions of respective 

1, ’ nS ; ,' IU ; k ' :l ' 1 p""'"' is uniformly ,lirou^liout ,!„■ 

• lal 1 " , ' < '' Wi “ ,,vas «»<l .ilium <•(inventrate i„ 

•" " rv '' al Tl - U-nticul 1-l.avior is exhibited when these 
Omy ra.hoc cmeuts a,v ,r l><>r:iI<■, 1 i„ o.l,or crvstals such ns 

n. ..< I..,,, M.lm,,.. whirI, arc i-morphous wi.l, potassium sulfa,V 
'.'Mills ot ammo,,,bichromate P row„ i„ ,| u , p,.^,.,,,.,. 

l-'.lomum usually exhibit mark,,I variations in ornss-seetional 

■ m a,, uftnity, as m,I,cate,I by the alpha-ray pattern in Fi„- 37 

" nU, ' l ;' a, - t >' 1,( ' i>"''".it detail,•,] ... . stu ,| v „ f 

' < <u'vMa. autoradiographs.' 1 * An enlarged detail from the 

alpha-ray pattern, reprodu,.,,! in Fn,. 3.S. shows that some polo- 
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nium was incorporated in the lattice throughout the growth of 

the ammonium bichromate, hut that a preferential deposition of 
the tracer occurred periodically. 

Similar studies can he made on crystals isolated from cooling 
melts and in investigations of ion exchange between a preformed 
crystal and a solution carrying radioactive isotopic ions Studies 
have been reported by Schwab and Pietsch on the adsorption 



500 

Microns 


1000 


'if.. 3 . Detail from alpha-ray pattern of ammonium bichromate crystal, 
lunsmittcd light; magnification 5SX- Note segregation of polonium in 

fine bands 50 to 80 microns wide. 


of active lead by crystals of lead chromate. The ThB ions em¬ 
ployed as tracers were found to concentrate selectively on the 
corners of the crystals. That kinetic exchange occurs only at 
privileged positions on the outer face of the crystal was also 
observed by von Hcvesy and Paneth. V14 Activity measurements 
revealed that the number of molecules taking part in the ex¬ 
change was distinctly smaller than the number of molecules pres¬ 
ent on the outside layer of the crystals. Autoradiographs of the 
crystals demonstrated that the exchanged radioactive atoms were 
situated almost entirely at certain crystal edges. 

Hahn, Kading, and Mumbrauer H2 have conducted extensive 
studies on mixed crystal formation. They studied the separation 
of barium and radium bromides, barium and lead chlorides, and 
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the adsorption of lead by silver and alkali halides. From the 
autoradiographic patterns produced by the crystals Hahn 1,3 dis¬ 
tinguishes between (A) normal and'anomalous mixed crystals 
and (B) accidental adsorption inclusions. Members of class A 
such as barium and radium bromides, produce patterns indicat¬ 
ing that the ions form mixed crystals or systems resembling 
mixed crystals. In class B the radioelement is occluded bv the 
host erratically, chiefly in the form of radiocolloid aggregates 
this type of accidental inclusion is exhibited bv barium bromide 
grown in the presence of ThB, and by hydrate,1 crystals of copper 
sulfate isolated from solutions containing polonium. 

lhe patterns produced by members of class .4 vary with the 
rate ot crystallization. When small crystals separate rapidly 
from supersaturated solutions, the trace constituent is distributed 
uniformly. Slow crystallization promotes the formation of heter¬ 
ogeneous mixed crystals exhibiting zonal growths. Large crystals 
of BaBr s; 2H 2 0 grown by Marques- from a slowly evap^at- 

,,lg S ° h ; tlon of banum a "«l radium bromides exhibit very pro¬ 
nounced variations in the zonal deposition of the radium. 

SPATIAL ORIENTATION IN MINERALS 

Radioactive minerals of the columbium-tantalum group occa- 
. y f Pr ° d “ ce al l ,ha - r ay Patterns simulating the character- 

rvstals luf^ a'I 0 mixed ^tals. The mineral 

cr> stals ha\ e a more complex composition than the laboratory 

neparations and differ in that the uranium and thorium saving 

* ca ols aie l )rin cipal and not trace components of the ht 

1 “• concentration ,i,e con 

; f '"'™ of blomstramiine, 

compositional variations are usually not visible i„ t *' • ! , 

"t"? b “‘ ™ in . a „ ™ 

St, k,„ s exam,,las „f i„ n 

graphic pattern is exhibited in Fif e \ 1 " aut ; ,,adl °- 

* r rev “ ied “ 

homogeneous and slnnvcr, „„ 
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variations. Since the uranian eolumbium-tantalum minerals 
are almost invariably in the metamict state,." the evidence of 
crystaHmity revealed by the alpha-ray pattern indicates that 



Lie. 39. Alpha-ray pattern of samarskite from Mitchell County, North 
Carolina. Positive' print; reproduced approximately full size. Specimen 
loaned for study from Brush Mineral Collection, Yale University. 


the mineral developed initially as an anisotropic crystal and has 
since become amorphous, possibly as a result of prolonged bom- 

* Met amid is a term ascribed to certain minerals that possess external 
crystalline form but which prove to be amorphous when examined by 
x-ray diffraction or optical methods. These minerals usually have a com¬ 
plex composition, with tantalum, columbium. titanium, and members of 
tin; rare earths as the chief constituents. Minerals in the metamict state 
frccpiently contain uranium and thorium in tangible quantities or are 
found associated with strongly radioactive minerals. The metamict min¬ 
erals have been studied extensivelv bv Goldschmidt/’ 14 who concludes 

^ % 

that the presence of radioactive constituents is not the primary cause of 
the crystal-structure destruction, but that a rearrangement of the outer 
electrons takes place in crystals composed of weak acid and weak basic 
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bardiuent of the lattice and the recoil of atoms from the decay 
ot uranium and thorium. 


ACTIVITY OF CRYSTAL FACES 

Experiments have been instigated to determine whether the 
■ ate of alpha-particle emission is the same from different faces 
of homogeneous radioactive crystals. Merton measured the 
ionization produced by the alpha and beta radiations from three 
faces of a large crystal of uranyl nitrate but was unable to ob- 

ZltLTlZ d f erenCC in aCtlVity - the scintillation 

ethod which avoids interference by beta particles originating 

from the interior of the crystal, MUhlestein ** observed different 

rates of a pha-particle emission from the three faces in the ratio 

o 1.00.1.09:0.68. Ih.s observation has not been confirmed by 
modern alpha-track-counting methods: 

active e ctz iititSt 1 1,;^: d r, nt -t ° f rad, °- 

parallelepiped cystal of thorium sulfate about 2 nun “ 

aetmty of three crystallographically differ,,,. sides w , / , 

counting alpha-particle tracks. The sides of the m l I * 
against an Ilford C2 plate, avoiding direct contact w h "''’T 

wi : h —»*• 

to bo within the statistical fluctuations of7he 

(about 800 per surface). 1 1 ° trao ^ s counted 

Foolo and Bremner I>38 « a No f-»ilorl ^u 

in.the track count using a crystal of Lt 

opinion, however, that nuclei possessing nuclear In ,? '° V arr ° f 

ment are not spherically symmetrical but lnve , f i” niaKnr ' tl( - nio- 

motiv. Because elements of pvon . * • ( lni *° ax °s of sym- 

7 - 1,232 i atomic! number and mi^ «, . tt 4 >^k i 

-ffect on the rale of d “m!^bn‘inTT . thrS '!• n,l ‘- |pi hnvc no 

nuclei such as V'-isr, jt2.tr j p 239 U 11 ° ( InofIla * 0n die other hand, 

crystals enriched in these isotopes might T f[roixter ,han zcro , and 

ztC** r. 

thorium contents. When the <?tni t c espite the high uranium or 

containing the V+ + +CM) - " m " ially ' veak ' «« in minerals 

- .^'jsrs ' ”o a°n b ““ 

of the chemical bonds is a prerequisite the l CbL '° r " T '° ,,Rh WPak ness 
'* P, ° bably ncceleratod by radioactive’ radiations^ '° m0 ' nmict statp 
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APPLICATIONS IN METALLURGY 

Shortly after the discovery of radioactivity Moissan M27 pre¬ 
pared uranium metal in a pure form by electrolysis of fused 
uranium and sodium chlorides. The activity of this preparation 
was studied by Becquerel® 11 who observed that the metal, like 
all its compounds, blackened photographic plates and concluded 
that the phenomenon was therefore an atomic property. 

Polished sections of metallic uranium and thorium have T a 
\ allies of 59 and 25, respectively. On nuclear-type emulsions 
visual images are recorded after exposures of 2 or 3 days. Mi¬ 
croscopic survey of the pattern produced by uranium metal re¬ 
vealed occasional minute areas devoid of tracks. 1 ’ 17 Correspond¬ 
ing areas of the metal, examined under vertical illumination, 
showed the presence of non-metallic inclusions which probably 
originated from the crucible from which the molten metal was 
poured. 

Autoradiography of Alloys. Tammann and coworkers T2,3 
have studied methods for the introduction of traces of highly 
active radioelements into alloy systems. They found that an 
electrolytic deposit of polonium on a thin metallic foil can be 
incorporated into molten metals without marked loss due to vola¬ 
tilization if heating is not prolonged after the liquefaction of the 
foil. Tammann has studied alloy systems composed of copper, 
silver, antimony, bismuth, zinc, cadmium, tin, and tellurium ad¬ 
mixed with polonium. The polonium exhibits only a very small 
solubility in these metals. The saturated solid solutions contain 
between 2.31 X 10 -13 and 5.28 X 10~ 12 g of Po per g of alloy, 
necessitating exposures of about 3 days for the formation of visu¬ 
ally discernible images. 

The method has found practical application in the incorpora¬ 
tion of polonium in nickel alloys intended for use as sparkplug 
electrodes. Dillon and Street r>1 ° found that 94 per cent of the 
polonium introduced into a molten nickel-manganese alloy re¬ 
mained in the metal after its solidification. Their procedure is to 
deposit the polonium on nickel foil attached to a nickel stirring 
rod and to plunge the deposit into the center of the melt. The 
resultant mix is poured about 1 min after the immersion of the 
foils. Comparative alpha-ray patterns of the casting and of the 
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wires drawn from it show that the polonium is distributed uni- 
formly in both. 

. primary crystallization, 

segregation, and grain growth in several metals using ThB as a 

tracer. This isotope is introduced into the alloy system by ex¬ 
posing one of the metallic components to thoron and collecting 
the active deposit on the surface.* The metallic foil is chafed 
negatively to a potential of 220 volts and exposed for about 2 

,.f. to the thoron emanating from about 1 mg of RdTli This 
foil is melted together with other components of the system in 
an atmosphere of hydrogen. The castings are polished,' without 
pnoi etching, and exposed photographically. ThB decays with 
t ie emission of beta particles, but the daughter elements are 
■ho t-hved and eject alpha particles. This permits the use of 
high-resolution nuclear-type emulsions as recording media \ s 

hB is comparatively short-lived the sections must be exposed 
' 'thin 24 hours after the melt is cast. 

ThB is not miscible with iron and is forced into the grain 
boundaries when the alloy solidifies and remains there owingJo 
s low difiusibihty. Autoradiographs of the ].olished surface 
examined at about 60 X , reveal the outlines of austinite grain 
boundaries. At the completion of the photographic exposure the 
specimen can be etched in order to reveal the ferrite and pearlite 
structures. Although the austinite grain size can also be re 
' e a’ e d microscopically, Tammann finds the radiographic method 
more reliable as etching and staining reactions are v r s n , e 

certain" which fact ^ers the test un- 

% t* n ; t ,y - 

by the ThB concentrated between grain boundaries p 
growth at temperatures below the melting point can be invcT 

ment X ! ) UCCCSSive ex P° sures after each thermal treat 

Thv , lmilai studies have been made by Werner,"'8 employing 

aS lndlCat ° r ’ m the crystallization induced in zinc, alum® 

0,1 " ,e “ in * -owe,, of mefa ,„ 

metals by evapora n. no ,, r “'"T* r “ ,,io “ c * ivc into 

am) healing " n a "an 11'"", °” " le 'bailie chips 

* 1 ln a <,,uont of hy<lrog(*n at 7.50° to 1000° C. 
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num, and thallium as a result of cold working of the metals. 

Werner observed a change in the relative rate of alpha-particle 

emission following cold working which parallels the change in 
density effected in the alloy. 

W hen ThB is alloyed with pure lead the composite solid pro¬ 
duces a uniform autoradiographic pattern. Perfect solid solution 
also results when ThB is alloyed with thallium. In magnesium, 
hovever, the tracer is distributed discontinuously, but the aggre¬ 
gates of ThB disappear when the section is annealed. Segrega¬ 
tion also occurs when ThB is incorporated in molten bismuth, 
tin, antimony, silver, copper, or gold. In each of these alloys 
the ladiographic pattern is characterized by dendritic structures. 
Cadmium likewise exhibits a dendritic pattern, which disappears 
after annealing, thereby proving that lead is slightly soluble in 

cadmium. 

In a series of investigations on the distribution of ThB in sev- 
c ial metals Seith and Keil SJ<> found that an alloy composed of 
^ H - Pb + ThB prepared by electrolysis of the mixed chloride 
salts also furnished a melt that exhibited a concentration of ThB 
along grain boundaries. This occurred even when the total 
amount of ThB -f- Pb was less than the saturation solubility of 
lead in cadmium. In complex alloys such as steel the ThB tends 
to dissolve preferentially in oxide, sulfide, and phosphide liquid 
inclusions. On solidification these compounds segregate between 
dendrites and grain boundaries and thereby produce an autoradi¬ 
ographic pattern depicting the primary casting structure. 

Diffusion Processes in Metals. The self-diffusion of a layer 
of molten radiolead into a column of stable lead at 340° C was 
fiibt demonstrated by von Hevesy. Diffusion processes in metals 
at room temperature can also be studied by employing scintil¬ 
lation screens or fine-grained emulsions as counters. The dimi¬ 
nution in the number of alpha particles, as the superimposed 
layer of active material penetrates into the solid, serves as a 
measure of the diffusion. By depositing a thin layer of RaD on 
lead foil the self-diffusion can be traced by the polonium alpha 

particles associated with the chain of disintegrations from RaD 
to RaG. 

Seith and Keil S1!) have measured self-diffusion coefficients of 
only 10- 7 cm- per day using ThB as indicator and measuring the 
diminution of the alpha-ray activity from ThC + ThC' as the 
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leful isotope diffused into its support. In single crystals of lead 
warmed to 182° C the coefficient of self-diffusion was found to 
be 4.12 X 10 * cm-’ per day. The sinking of TliB into lead has 
also been measured by von Heresy and Obrutscheva vn by 
observing the diminution in the scintillation count from the 
IliC-f- rhC' in equilibrium with the tracer. 

The emulsion technique is particularly effective in studying the 
penetration of surface deposits of alpha radiators into metallic 
toils. Montel M -* has observed that, when polonium is deposited 
electrolytieally on the upper surface of a lead foil, successive 
photographic exposures against the lower surface reveal the 
gradua 1 penetration of the element through the thickness of the 
sheet. The pattern produced by the surface opposite the deposit 
is discontinuous, the blackening being composed of a network 
outlining crystal grains. The thickness of the lead foils employed 
by Montel measured between 40 and 100 microns, in considerable 
excess over the effective range of alpha particles originating 
rom the upper polonium deposit. The penetration of the thinner 
foils .s evident within 24 hours after the initial deposition. The 
results cannot be attributed either to normal diffusion or to con¬ 
tamination by creeping. Mould's foils were opaque to light 
und supported a vacuum of 0.01 cm of Ilg. Montel attributes’ 
the localized penetration of the polonium to an etching effect 

T t . 1,e 1 g "‘ ln b(,undaries *>y the hydrochloric acid present in the 

trat on n^tf ° f P ° l<,niuln de l ><,siti(,n - The rapid pcnc- 

ite I ,' e ,°! “ not pmduced "' hen thc Polonium is depos- 

ittd on the lead by sublimation. 

Creeping of Radioactive Sources. The rapid surface migration 

dte ofTTr several other radioactive elements from their 
- of deposition cannot be attributed readily to the dragging of 

source atoms by ejected alpha particles or recoil atoms The 

ngration is readily revealed by exposing an emulsion again* 

sui faces adjacent to the source. The pattern usually exhibits 

multiple-track formations indicative of the mass movement and 

point aggregation of very large numbers of polonium atoms 
A potential explanation of this puzzling behavior is offered bv 

exhibited ho m o gC „„„„ s dls , ribution £ 
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After heating the platinum to 550° C, radiographs of the foil 
showed partial aggregation in the initial deposit and intense 
black spots on the platinum surface where no ThB was originally 
present. On heating to 700° C the initial uniform background 
disappeared, and the ThB was detected as scattered aggregates 
°n the remote portions of the foil. It appears therefore that 
during the heating the volatilized atoms agglomerated while in 


the gaseous state and condensed on the cooler portions of the 
platinum surface. Schwarz S13 has studied the lateral and depth 
penetration of polonium deposited at one end of a silver foil. 
At temperatures between 100° and 300° C surface diffusion is 
detected photographically by comparing the patterns made after 
initial deposition and after 2 days’ warming. During this period 
no depth penetration of the polonium was observed unless the 
silver was heated to about 500° C. 

These experiments indicate that the “creeping” of polonium 
sources may have its origin in an appreciable vapor pressure 
of the metal at room temperature.* Seith and Aten 818 have 
observed that when ThB is deposited on quartz glass the heating 
process does not cause aggregation or migration and suggest the 
formation of a non-volatile lead silicate. 


DIFFUSION IN POROUS MEDIA 

The autoradiographic technique has also been applied success¬ 
fully in the study of the diffusion of radioactive ions dispersed 
in gelatin. The method was initiated by Veil V2 in the investiga- 

* Polonium is homologous with sulfur, selenium, and tellurium. The 
vapor pressure of sulfur at 50° C is 0.0002 mm of Hg. At room tempera¬ 
ture it is even lower; nevertheless, the escape of sulfur vapor can be dem¬ 
onstrated by delicate chemical reactions. By exposing a clean copper foil 
at a distance of 1 mm for 24 hours above the polished surface of a sulfur 
crystal, a visible stain of copper sulfide is produced. The diffuse image 
on the copper outlines the shape of the sulfur surface, and is proven to 
be copper sulfide by its solubility in potassium cyanide solution. Certain 
minerals containing excess sulfur, like pyrrhotite Fej_ x S, also exhibit an 
appreciable volatilization of sulfur. These delicate chemical reactions 
indicate the volatilization of 10 1G sulfur atoms per cm 2 per day. Y17 Since 
10 G polonium atoms per cm 2 can be detected photographically, the creep¬ 
ing of polonium is explicable on the basis of volatility even if its vapor 
pressure is many magnitudes lower than that of sulfur. 
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lo¬ 


tion of ionic diffusion from the site of chemical precipitation and 
also in the visualization of the flow of radioactive ions during 
electrolysis. The method is essentially a chromatographic ad¬ 
sorption process, in which the several zones of adsorbates are 
rendered visible by their photographic action on superimposed 
photographic emulsions. 

As an example of the procedure, it a drop of barium and radium 
chlorides is deposited on a gelatin-coated paper impregnated with 
oxalic acid, a precipitate of barium oxalate forms at the point 
ot contact, and the soluble components diffuse in circular rings in 
the lateral plane of the gelatin. A contact autoradiograph of the 
dried paper reveals the relative distribution and fractionation 
of the radium in the precipitate and in the migratory zones. 

Migration of ions during electrolysis is likewise studied by 
coating a glass slide with a solution of barium and radium chlo¬ 
rides in gelatin and allowing it to gel. A potential of 10 volts 
is applied across opposite platinum electrodes causing the elec¬ 
trolytic migration of the metallic ions toward the cathode. Com¬ 
parative autoradiographs made before and after the electrolysis 
show that the initial uniform distribution of the traces of radium 

is altered, and that zones of high activity accumulate towards 
the negative electrode. 


These methods can also be employed in conjunction with beta- 
ray-emitting isotopes as the autoradiographic tracers. The 
method has been investigated by Fink and Dent F0 as a means 
of differentiating inorganic iodide and organically combined 
derivatives such as diiodotyrosine and thyroxine. A drop of the 
test solution is extracted from an animal organ following injec¬ 
tion and equilibration of the radioisotope. This is allowed to 
diffuse slowly over the surface of a filter paper. Owing to prefer¬ 
ential adsorption by the cellulose fibers the components of the 
solution separate along individual circular zones. Contact auto¬ 
biography of the dried sheet reveals the location of the bands 
containing the active compounds. 

The method is essentially a chromatographic adsorption proc- 
ess ut>hzing a paper sheet instead of the more common column 
°f Andy divided aluminum oxide.* When using stable isotopes 

aid If V th?rrr nal f Chr0m f at0 ,« rapl,lc ^alyses can also be made with the 
thm plane castmgs of plaster of Paris. Methods for the preparation 
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the position of the bands is revealed either by color reactions 
or by differential fluorescent response to ultraviolet light. The 
use of radioactive isotopes extends the method to the separation 
of colorless compounds that do not fluoresce or form colored 
derivatives with analytical reagents. 


of sheets free from air buhl ties and ones 
such as calcium carbonate and aluminum 
YagodaJ 7 


containing special adsorbents 
oxide have been described bv 



Chapter 9 BIOLOGICAL APPLICATIONS 
OF ALPHA-PARTICLE TRACERS 

Nucleonics, the science of the atomic nucleus, is only in its in¬ 
fancy. The more it is pursued, the more chance there is for acci¬ 
dents and the more need therefore of a better understanding of 
the bio-medico-physical problems. —R. S. Stone, 1946 


The localization of ingested radioactive elements by autoradio¬ 
graphic study of the tissue has been applied extensively since the 
conception of the technique * by Laeassagne. LI A suitable dose 
varying with the activity of the radioelement, its toxicity, and 
the weight of the animal, is injected intravenously. After a suit¬ 
able period of equilibration tissue blocks of the several organs 
are prepared. The autoradiographs are made by exposing the 
surfaced paraffin blocks or thin sections thereof with fine-grained 
emulsions. The thin sections can also be mounted as an integral 
part.of the emulsion and stained after development. Technical 
details of these methods are described in Chapter 3. 

Sections having a T a of about 100 produce visually discern¬ 
ible images on nuelear-type emulsions after an exposure of 2 or 
3 days. This surface alpha-ray activity corresponds to a con¬ 
centration of 5 microcuries per cm 3 of tissue. The dosage is 
readily achieved without loading the tissue excessively when the 
tracer atoms are short-lived. Thus, tissue containing 10-» g 
of Po per cm 3 will produce a black image after an exposure of 
1 day. The more stable elements, such as uranium or thorium 
cannot be employed as tracers for visual autoradiography, as the’ 
necessary dosage would prove fatal to the animal. 

The localization of the more stable elements can be studied 
however, by prolonging the exposure and preparing a topograph 

* Sh° rtl y after the discovery and isolation of radium, photographic 
emulsions were employed to detect radioactivity in intact animal organs 

lese images were necessarily diffuse and served only as a qualitative 
est for the presence of the ingested material. London MT and Kotzareff km 

S id'™ .1 U»e by 1„„ 
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of track disposition. Also, the sensitivity can be increased by 

the microincineration of thick tissue sections (25 microns) and 

by exposing the resulting spodogram. This process removes the 

organic matter and in soft tissues effects a marked increase in 

the specific activity of the residual ash. The inorganic matter 

coalesces to a thin film without appreciable lateral distortion, 

and the emergent alpha particles record tracks of very nearly 
full energy. 

Alpha particles produce intense localized ionization in travers¬ 
ing the tissue. According to Lea L24 the ionization effects on cer¬ 
tain cell structures can he observed microscopically. If the par¬ 
ticular structures traversed are sufficiently vital for changes in 
(hem to affect tlie cell as an entity, a biological change will be 
produced by the passage of even a single densely ionizing particle. 
\\ hen elements emitting alpha particles are employed as tracers, 
a destructive action on the tissue may occur, particularly at the 
site of radiocolloid aggregation. 

In his studies on the localization of polonium, Lacassagne has 
observed that the alpha particles exert a destructive action on 
lymph nodes and bone marrow. With increasing alpha activity 
cell formation is temporarily inhibited in the red and white 
hematopoietic series, and lymphocytes are destroyed by the local¬ 
ized radiation in the stroma cells. The destruction of the ger¬ 
minal elements in seminal tubules is also attributable to alpha- 
particle bombardment. 


LOCALIZATION OF LEAD 

There are no isotopes of lead which decay with the emission of 
alpha particles. Tracer studies are made with ThB or RaD 
which, by successive beta decay, lead to the formation of ThC 

7 4 / 4/7 

and RaF respectively. These daughter products emit alpha 
particles and serve as secondary recording agents of the site of 
lead deposition. The range of the recoil atoms in tissue is about 
0.1 micron. Hence the alpha tracks are not displaced appreci¬ 
ably from the position of the original lead isotopes. ThB has a 
half-life of only 10.6 hours, and the exposure of the tissue cannot 
be delayed for more than about 1 day. The longer life of RaD 
makes its application practical in studies of the accumulation 
of traces of lead over extended periods of ingestion. 
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ThB is prepared by collecting the active deposit of thoron on a thin 
lead foil charged negatively with respect to a metal disk carrying an 
emanating RdTh preparation. At the end of 2 days the foil is dissolved 
in nitric acid, excess acid is removed by evaporation, and the lead nitrate 
is diluted with water to a 0.5 per cent concentration. 

A weak preparation of RaD, with admixed stable lead isotopes, can 
be prepared by separating lead sulfide from solutions of pitchblende. The 
sulfides are dissolved in dilute nitric acid and purified from polonium by 
the rotation of a silver disk in the solution for about an hour. Silver 
ions are removed by precipitation as silver chloride, and the lead is finally 
converted to lead chloride by repeated evaporation with concentrated 
hydrochloric acid. A more active preparation is obtained bv extracting 
old radon needles with nitric acid. The accompanying RaE and RaF are 
separated by electrolytic deposition on plates of nickel and silver. 

The distribution of lead in animal tissue has been studied by 

Behrens and Baumann, 1 * 14 employing ThB as indicator. The lead 

solution was injected intravenously and autopsy performed about 

1 hour later. In order to retain the activity a hurried fixation 
procedure was employed: 

Dehydrate the tissue in three changes of alcohol at 60° C, employing 

concentrations of 70. 96. and 100 per cent ethyl alcohol and an immersion 

period of 30 min m each bath. Rmse tissues for 5 min in a mixture of 

a Nolute alcohol and acetone at 30“ C, then for an equal period in pure 

acetone, and finally clear in xylol for 15 min. Infiltrate with paraffin and 
prepare sections 20 microns thick. 

The autoradiographs produced by 2 days’ exposure revealed 

hat the greater part of a tracer dose of lead accumulated in the 
kidney, liver, and spleen. The patterns showed some deposition 
in bone, but no lead accumulation in skin, muscle, fatty tissue 
or braim Experiments on young animals showed a deposit of 
radiolead in newly formed bone, but none in compact bone or 
cartilage. In animals kept on a rachitic diet the lead replaced 

ie calcium phosphate compound present in the subepiphyseal 
and subperiosteal areas. 

Cittmar «« has investigated the distribution of lead in tumor- 

h “ 71 akI °y the ThB iSOt ° PC - The ^ - absorbed 
clnefly ln the kidney, liver, spleen, and bones. Autoradiographs 

o the tumorous issue revealed a very low concentration of lead 

a “ompared with the normal tissue. A comparative study of 

madfbv W R ° f , T £ B "wo thC radium is ° t0 >- ThX has been 
made by Wolf and Bom.** The autoradiographs of the rat 
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organs revealed a markedly different distribution of the lead and 
the radium. 

Lomholt L3 « has investigated the distribution of lead in rats, 
using RaD as the indicator. The animals were injected with 0.05 
ml of a 0.33 per cent solution of Pb + RaD chlorides per 10 g 
of body weight. Sections of the viscera 20 microns thick were 
prepared 24 hours after the lead administration and exposed for 
3 weeks. As in the earlier work with the ThB isotope, the re¬ 
sultant patterns showed pronounced accumulations of lead in 
liver, spleen, and kidney, and to a lesser extent in pancreas and 
muscle. Lead was also observed in the bones, particularly in the 
bone layer adjacent to the periosteum. 


LOCALIZATION OF BISMUTH 

Bismuth is represented by one alpha-emitting isotope ThC. 
Its use as a tracer is impractical because of its short life. Bio¬ 
logical studies on the ingestion of bismuth have been made with 
RaE which decays by beta emission to polonium. The alpha par¬ 
ticles from this disintegration product are serviceable in the 
photographic localization of the parent atoms. 

I lie RaE is isolated from the active deposit in old radon tubes. The 
nitric acid extract contains RaE together with RaD and some RaF. 
About 50 mg each of lead and bismuth ions is added as carriers. The 
accumulated polonium is removed electrolvtically on copper foil. The 
lead is removed by precipitation as lead sulfate. The acid filtrate is 
made strongly ammoniacal, and the washed bismuth hydroxide is redis- 
solved in an organic acid for purposes of injection. 

The absorption of bismuth by cancerous and normal tissues 
has been investigated by Kahn, K2 Lacassagne and Loiseleur, L9 
and Lacassagne and Nyka. L1 ° Mice with spontaneous tumors 
and rabbits grafted with Brown-Pearce tumor -were injected with 
solutions of bismuth containing RaE. Lacassagne found that 
the bismuth distributed itself in essentially the same w’ay as in 
animals injected with polonium. The kidney and spleen collect 
the largest amount of bismuth. Of the remaining organs, liver 
shows the greatest activity. 

Malignant tumors retain a variable amount of RaE, depending 
on the histological group to which they belong, but always in 
smaller amounts than the normal organs. Lacassagne ob- 
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served that the retention of the bismuth isotope in the kidneys 
and hematopoietic organs produced a change in the general 
health of the animal accompanied by an important decrease in 
the number of formed elements in the blood and eventually 
caused nephritis. The toxic doses of Bi -f RaE failed to bring 
about any regression of the malignant tumors. 


LOCALIZATION OF POLONIUM 

The ready isolation of polonium from other radioactive ele¬ 
ments coupled with its moderate half-life has made RaF the sub¬ 
ject of numerous autohistoradiographic studies. There are no 
stable isotopes of this element and the tracer experiments with 
RaF do not furnish information on the mode of segregation of 
any familiar heavy metal. The element is homologous to sele¬ 
nium and tellurium, and the results obtained with RaF may be 

indicative of the type of distribution of these elements in animal 
systems.* 

In order to minimize radiocolloid deposition on the walls of the 
storage vessel, polonium solutions are usually strongly acid. A 
solution suitable for injection into animals is prepared by dilut¬ 
ing 0.5 ml of a RaF stock solution (1 millicurie per ml of 1 + 1 
HC1) with 1 ml of water. The solution is neutralized by the 
addition of solid sodium bicarbonate, until in excess, and is then 
diluted to a total volume of 2.5 ml. Intravenous injection of 0 25 

ml per 10 g of body weight provides a dosage satisfactory for 
autoradiography. 

The localization of polonium in animal organs has been studied 
extensively by Lacassagne and collaborators m,2,4,5 and by 

Lattes. After administration some polonium is found in all 
t ie organs but is deposited in greatest abundance in the kidney 
liver, and spleen. Cotelle«* found that the polonium when in¬ 
jected into pregnant mice is adsorbed by the placenta, the fetus 
exhibiting very little activity. Lacassagne 1 - 3 ^ has studied the 

*T h ® “? eti ° n and distribution of radiotellurium l.as recently been in 
s t e m n " P MOi ° Und The deposition of teZium 

tratL of Jlb, PC S " n,1 r l ° tha ' ° f I ,olonium - The greatest concen- 
organ showed -.““withV^ A,, ‘ oradi °K™Pl* of this 

concentration ’in the cortex ’ “ (listliblltio “ "ith a large 
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distiibution of polonium utter its injection into conccrous ruts. 

In animals with syphilitic chancres the element is found in rela- 

tivelv lurge umounts in the site of the lesion, but always in 

distinctly less quantity than in the principal organs of elimina¬ 
tion. 



A B 

I'm;. 40. Localization of polonium in kidney. 


A. Stained thin section. 8X- 

B. Corresponding alpha-ray pattern. SX- 


The influence of polonium on 


the formation of antibodies 10 


and its tolerance dosage L8 have also been determined with the 
aid of autoradiographic methods. Microscopic examination of 
the alpha-ray patterns shows that polonium is not distributed 
uniformly throughout a particular organ but that it tends to 
segregate within fine capillary structures of the reticulo-endo- 
thelial system. The localized segregation of polonium in kidney 


is exhibited by the macro prints in Fig. 40. At higher magnifi¬ 


cations, as shown in Fig. 41A (p. 209), radiocolloid aggregates 
of the element are observed in the fine capillary structures. The 
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studies of Leblond and Lacassagne L2 > indicate that polonium 

exerts a specific action on the lymphatic system and accumulates 
in the reticular cells. 


LOCALIZATION OF ASTATINE 

The element of atomic number 85 is represented by isotopes 
of mass 211, 216, 217, and 218, all of which decay with the 
ejection of alpha particles. At 211 has a half-life of 7.5 hours. 
It has been prepared by the bombardment of bismuth with high- 
energy alpha particles accelerated to 32 Mev. Astatine is sepa¬ 
rated from the metallic target by vacuum distillation. 

Studies by Hamilton 1111 ' 12 on the comparative localization of 
astatine and radioiodine show that the two elements exhibit a 
similar behavior in accumulating in the thyroid gland. The pro¬ 
portional uptake of astatine, however, is considerably less than 
that of its lighter homolog. In the tissues examined, the iodine 
and astatine contents were found to be less than 1 per cent of 
their concentration in the thyroid. Hamilton's studies suggest 

that astatine is absorbed in the tissue as an organo complex 
with a benzene-ring structure. 


RADIOACTIVE EMANATIONS 

All the isotopes of element 86 are gases under ambient condi¬ 
tions and are not directly amenable to localization by autoradio¬ 
graphic methods. However, the emanations can be adsorbed on 
activated charcoal and their presence established in the adsorbent 
/ the methods of contact autoradiography. By embedding the 
fine y divided charcoal on the surface of the emulsion, as de¬ 
scribed in Chapter 7, in the section on detection of radioactive 
giains, the presence of the emanation is revealed by the aloha 
tracks originating from the decay of the adsorbed gas and its 
successive disintegration products.* 

The decay of the radioactive gases causes the deposition of an 
active deposit on adjacent surfaces. The A- and C-bodies are 
alpha emitters, and the presence of the active deposits can be 

thl I 8 !'” 8 ,' and ? ieh ' KI have cm P lo y e< I Charcoal adsorption columns for 
the separation of rad.oactive ions from solutions. The location of the 
radioactive zones is effected autoradiomaphicallv 
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established by contacting the surfaces with nuclear-type emul¬ 
sions. By exposing animals to radon, the distribution of the active 
deposit on the al\ eolar walls can be studied by autohistoradio- 
giaphic techniques. In a report on the manipulation of radium 
concentrates Boden B2 ' J warns that minute amounts of RaD are 

deposited in the lungs as a result of radon inhalation and the 
decay of the active deposit. 

A method for studying the surface structure of irregular objects 
has been described by Jech, J7 utilizing films of active deposit. 
The material under study is first exposed to radon gas and sub¬ 
sequently contacted with a photographic emulsion. Although 
the active deposit is presumably distributed uniformly over the 
surface, the autoradiograph is not of uniform density but depicts 
clearly variations in surface structure. The photographic con¬ 
trast results from variations in absorption of the short-ranged 
alpha particles by surface ridges differing in thickness or com¬ 
position. The method has been applied successfully in the study 
oi insect wings and in the delineation of the grain structure of 
wood. 

LOCALIZATION OF RADIUM 

Radium is represented by three alpha-particle-emitting iso¬ 
topes. The long-lived Ra 220 has been the subject of several 
autohistoradiographic investigations both in laboratory animals 
and on the exhumed bodies of radium and mesothorium factory 
workers. Investigations by St. George, Gettler, and Muller s3r> 
revealed the presence of 48 micrograms of radium in the skele¬ 
ton. The element was deposited chiefly in the jawbone, vertebrae, 
femur, tibia, and metacarpal bone. Small quantities were also 
found in remnants of the soft tissues such as liver, brain, lung, 
and spleen. In a similar study, Martland and Humphries M14,ir * 
demonstrated the accumulation in the human cortex of meso¬ 
thorium and its equilibrium products having an activity equiva¬ 
lent to 50 micrograms of radium. The bone was found to be 
sufficiently active for autoradiographs of thin sections to show 
visual segregates of the active matter after 2 or 3 weeks’ exposure. 

Experimental studies on radium metabolism in rats have been 
reported by Evans, Harris, and Bunker. E15> As in the human 
autopsies, the radium was found to be absorbed preferentially in 
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the bone. These structures had an activity 100 times greater 

than lung, which proved to be the richest of the soft tissues. 

Autoradiographs of whole bone cross sections showed non-uniform 
distribution of the radium. 

The distribution of radium in animals has also been studied 
with the aid of the short-lived isotope ThX. Daels, Fajerman. 
and Van Hove 1,1 observed the localization of the element in the 
bones and the excretory organs. Comparatively little radium 
deposited in the muscle or brain. Investigations by Wolf and 
Born"' 25 likewise show that the ThX concentrates chiefly in the 
skeletal parts, kidneys, and the intestines. The concentration of 
the element in the blood was observed to decrease very rapidly 
after intravenous injection of isotonic ThX solutions. 

Like almost all objects that are part of the earth’s crust, the 
normal human body also contains minute amounts of radium 
The average radium content in the body has been estimated at 

10 S_l ier S b y Vernadsky, and a value of similar magnitude, 

0 X 10 ,r> , has been evaluated by Evans. In an adult weighing 

80 kg this corresponds to a total accumulation of about 6 X 10~ ln 

g of Ra. According to Lorenz L38 about 90 per cent of the radium 

content is localized in the bones. The role of traces of radium 

in nature has received extensive study by the school of Russian 

geochemists directed by Vernadsky.'' 3 - 4 In the study of vital 

phenomena, Vernadsky formulates the interesting concept that 

an organism, unlike a mineral, does not show a passive attitude 

towards its geochemical growth medium but actively selects 

either consciously or unconsciously, the trace ions essential to 
Its development. 

Radium has been found in sea water to the extent of (0.2 to 30) V 10-12 

SI P T“ 6, "~ "■ i»“> witr. ..id- 

Plmtn j * g of Ra per liter has been studied by Baranov 1} 4 
Photographic track counts resulting from exposure of different parts 'of 

.dti‘v«ri” u ir» < tidir l 'o„ l r'.r., * r,d t" - "* *“"»"'«» ™ i™ 

■*•» »> .»«!.. P T . applicable “ 

of radium. An in situ stainine . P lot ® g,a P hl c a lly active by adsorption 

Fredette 1)7 as a means 0 f^ 

mean.s of studying microbe cells containing ingested 
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radium compounds. The individual tracks recorded by the emulsion 
designate the deposition of radium in or on the cell within 0.1 to 0.2 
micron. 

LOCALIZATION OF THORIUM 


There are four isotopes of thorium which decay with the emis¬ 
sion of alpha particles. Th 232 and Io 230 are very long-lived and 
are not suitable for tracer-visualization studies in biological sys¬ 
tems. The metabolism of thorium can be studied with the aid 
of RdTh 228 , which has a half-life of 1.9 years. RdTh accumu¬ 
lates from the decay of MsTlp, and as these are not isotopic 
they can be separated chemically: 

About 100 mierocurirs ol an old mesothorium compound is dissolved 
in 0.3 A’ HCl, and 10 mg each of Pb+ Th+ + + +, and La+ + + is 
added as carriers. Precipitation of the lead with hydrogen sulfide effects 
the removal of the A-, B-, and C-bodies. The filtrate is boiled until 
free from excess hydrogen sulfide, diluted to about 250 ml, and precipi- 

f li 11( 1 ammonium hydroxide free from carbon diox¬ 

ide. The RdTh and the MsThj are carried by the precipitate of thorium 
and lanthanum hydroxides, the MsThi remaining in the filtrate. The 

ed in dilute nitric acid, evaporated to dryness on the 
steam bath, and redissolved in 100 ml of 10 per cent ammonium nitrate. 
The RdTh is separated on the thorium carrier as peroxynitrate by the 
addition ot 5 ml ot 30 per cent hydrogen peroxide. The peroxynitrate 
precipitate is washed with 2 per cent ammonium nitrate and is dissolved in 
dilute hydrochloric acid. After removal of excess acid by evaporation 
the resultant purified solution of Th-f-RdTh chlorides is concentrated to 
about 5 ml for purposes of injection. 


Thorium dioxide of normal isotopic ratio is employed in a 
diagnostic test during x-ray visualization of certain soft-tissue 
organs. The colloidal dispersion of thorium dioxide, commonly 
known as “Thorotrast,” has a low alpha-rav activity, but because 
of its retention in the organs it tends to produce a delayed hypo¬ 
plastic anemia. In a study of aplastic anemia following the 
administration of Thorotrast, ITry r3 observed the presence of 5 
per cent ThCL in bone marrow and 0.27 per cent in spleen. 
Despite these large concentrations by weight, the tissue did not 
possess sufficient activity to produce a visual pattern on fast 
emulsions after 10-day exposure. The Thorotrast could be local¬ 
ized, however, by the observation of clusters of alpha-particle 
tracks recorded by long exposure of the tissue sections against 




1'|«. II. Localization of alpha-emitting radioisotopes in tissue. 

A. Deposition of a polonium radiocolloid in kidney tissue Intern-,1 
tissue-emulsion technique. Exposure 2d hours. Oil-immersion G2V ’'ob¬ 
jective, total magn.fi,-ation 500 X . The superimposed stained section resides 

; Trill 6 , iS VC,y dl,luse wl ‘™ backs are in focus. 

B Loi nli/ation ot a Thorotrast grain in liver tissue. Integral tissue- 

emu s,on technique. Exposure 40 days. Oi,-immersion 62 X obi ,me 

SSi paSTl X - . In,C f rn,M,ia °' f0, ' ,,S Alined tissue and 

alpha pa,tale Hacks emerging from a grain of Thorotrast 

b- Detail from alpha-ray pattern of microincineraled liver tissue con 
taming Ihorotrast. Exposure 2, days. I,ark-field .. lilox. 
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nucdear-typc emulsions. 117 Photomicrographs showing the track 
distribution from thin sections of liver are reproduced in Fig. 41. 

LOCALIZATION OF URANIUM 

Purified uranium compounds containing only the three natural 
alpha-ray-cmitting isotopes have an activity of 2.5 X 10 4 alpha 
particles per sec per g of U. Like thorium, the slow rate of decay 
does not permit visual autohistoradiographic studies on tissues 
containing subtoxic quantities of this element. Studies by Neu¬ 
man X3 show that 2.5 mg of U per kg of body weight is a toxic 
dose which is sometimes lethal. After repeated injections of 
diliL° uranyl nitrate over a period of 6 weeks analyses of the ash 
of the animals showed the presence of 2.1 micrograms of U per g 
of wet bone. A polished thick section of bone would thus have 
a surface activity of about 4 X 10~ r> alpha particle per cm 2 per 
sec, and even after an exposure of 1000 hours the accumulated 
track population would be of the order 150 tracks per cm 2 . 

Radioactive-tracer studies on the metabolism and deposition of 
uranium are facilitated by the availability of more active uranium 
isotopes. U 233 with a half-life of 1.63 X 10 3 years has a specific 
disintegration rate of 3.5 X 10 s alpha particles per sec per g of 
U 233 . Tissue containing 2 X 10 _o g of this isotope per unit of 
weight will eject about 2 X 10° alpha particles per cm 2 of emul¬ 
sion during an exposure of 1000 hours. This flux is adequate 
for the production of a visual autoradiographic image, particu¬ 
larly if the distribution is uneven and segregation takes place 
along tissue boundaries. The localization can also be effected 
with a much smaller exposure period by the individual track 
counting methods described on p. 213. 

The deposition of uranium in bone has been investigated autoradio- 
graphieallj r b}’ Neuman. NG Rats were injected intraperitoneally with 
toxic doses of uranyl acetate (1.5 to 3 mg U per kg) fortified by the addi¬ 
tion of 1.5 microcuries of U 233 . The bones were fixed in equal volumes 
of chloroform and methanol (these liquids do not displace adsorbed 
uranium), and ground into thin slabs of about 125 to 500 microns thick¬ 
ness. These sections gave visual images of the areas in which uranium 
concentrated after 4 weeks’ exposure on Eastman Fine-Grain Alpha 
plates. Uranium was observed only in the calcified portion oi the bone 
on surfaces readily available to the circulation. The pickup was particu¬ 
larly marked in areas where active calcification was taking place. The 
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studies showed that, once the metal became fixed in the tissue, little 
redistribution occurred from the initial site of deposition during a period 
of 40 days. 

The toxicology of uranium has also been investigated bv Tannenbaum 
and coworkers T25 - 2 6 using uranium salts enriched with the U 23; * isotope. 
Autoradiographs revealed large concentrations of uranium in the kidney 
and bone structures. In the kidneys of mice and rats the concentration 
is highest in the cortex, principally towards the cortico-medullary junc¬ 
tion. In bone the element deposits mainly in spongy cancellous areas 
and in the endosteum. The accumulation in the compact bone or in 
epiphyseal cartilage is relatively low. While bone and kidney are the 
principal sites of accumulation, small amounts are also found in the other 
organs, particularly the liver, which may contain 1 per cent of the total 
uranium deposited in the body. 


LOCALIZATION OF PLUTONIUM AND OTHER 

TRANSURANIUM ELEMENTS 

The transuranium elements, neptunium, plutonium, americium, 
and curium, are represented by one or more isotopes that decay 
with the emission of alpha particles. The properties of these 
isotopes are summarized in Table 3. In general, their disintegra¬ 
tion rate is high as compared with that of uranium or thorium, 

and the elements should present no special difficulties in localiza¬ 
tion by photographic methods. 

In a brief statement concerning autoradiographic techniques as 

applied in the health-protection activities of the plutonium 

project, Stone S43 states that 1 microgram of plutonium is about 

as dangerous to the body as the ingestion of an equal weight of 

radium. This dosage could not be anticipated on the basis of the 

decay constants of these elements, as the alpha-particle radiation 

from radium is 65 times greater than that from an equal weight 

of plutonium, and the decay of radium is also accompanied by 
beta and gamma radiation. 

Autoradiographic studies show that the plutonium deposits in 
the liver and may cause severe damage to the organ because of 
localized segregates. The accumulation of the element over Iona 
periods causes atrophy of the bone and the growth of bone sar” 
comas. Once plutonium enters the tissue it is not readily ex¬ 
creted. Because of this behavior, a maximum permissible dose 
of it microgram Pu-> was set as a limit not to be exceeded by 
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The comparative deposition of plutonium, strontium, yttrium, and 
cerium in bone has been investigated by Copp, Axelrod, and Hamilton. c21 
Autoradiographs of thin bone sections reveal that plutonium is deposited 
in the uncalcified organic bone matrix below the epiphyseal cartilage 
and in the endosteum and periosteum. Plutonium does not appear to be 
incorporated in the cartilage itself. In this respect it differs markedly 
from radiostrontium, which is localized in a thin shell of bone salt in the 
shaft. 

The comparatively high toxicity of plutonium is attributed to its con¬ 
centration on the surface of the bone and the bone trabeculae. The 
densely ionizing alpha particles are thus concentrated on the cells of the 
endosteum, periosteum, and bone marrow. Attempts at the elimination of 
plutonium by low-calcium diets, or by means of parathormone or com- 
plexing salts, had no significant effect on the excretion of the metal. 
Experiments on animals suggest that the destructive action of the alpha 
radiation can be minimized by laying down new non-radioactive bone on 
the surface of the plutonium layer and thus preventing the short-ranged 
alpha particles from reaching the living cells. 

Extensive investigations of plutonium metabolism in bone have been 
reported by Van MiddlesworthT 18 These studies show that the element 
localizes superficially in the endosteal and periosteal surfaces of the bone 
with no apparent concentration in the zone of bone growth and calcifi¬ 
cation. As noted by other workers in this field, this behavior is markedly 
different from that exhibited by fission products which deposit throughout 
the bone, particularly in the region of new bone growth. The deposition 
of plutonium is essentially independent of the oxidation state of the ions 
injected. Van Middlesworth V18 found that, after intravenous injec¬ 
tions, the plutonyl ion PuO L ,+ + disappears from the blood stream more 
rapidly than the tetravalent P 11 + + + + ion. There is also a much larger 
proportion of P 11 + + + + deposited in the liver, indicating that tetravalent 
plutonium may exist in solution as a colloidal dispersion (sec section on 
radiocolloids, p. 154). Scott and coworkers 857 likewise observed no signifi¬ 
cant variation in the metabolism of plutonium following injection of the 
element as P 11 + + +, Pu+ + + + , and P 11 O 2 ++ ions. In all instances 
the skeleton is the chief organ of deposition. Of the soft tissues liver, 
kidney, and spleen exhibit the greatest concentrations. Plutonium is 
eliminated very slowly through the digestive track. The half-life of reten¬ 
tion is estimated by Scott to be greater than 2 years. 

When plutonium is injected into pregnant mice the element is trans¬ 
mitted to the offspring. Experiments reported by Finkel 1 * 24 show that 
the young animals contain higher equivalent amounts of plutonium per 
body weight than those retained by the mothers. In mice living more 
than 200 days cases of osteogenic sarcoma developed, probably induced 


bv the radiation localized 
developed in rabbits, rats, 
Ionium or fission products 


in the bones. Studies on osteogenic sarcomas 
and mice following the administration of plu- 
are also described by LiscoT-* 2 
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Autoradiographs of lung tissue from animals exposed to an aerosol of 
plutonium oxide described by Hamilton 1113 reveal the deposition of the 
compound on the walls of the bronchi and bronchioles and throughout the 
alveolar structure. The oxide does not accumulate in the blood vessels. 
In an animal examined 1 day after the exposure, the plutonium oxide 
disappeared from the bronchiole surfaces but was still retained by the 
alveolar structures. 

The plutonium isotope of mass 238 has a half-life of 50 years 
and can be employed advantageously in tracing the course of the 
more stable Pu 23(> atoms in biological systems. The nuclear-type 
emulsions are particularly useful in detecting and localizing plu¬ 
tonium when in admixture with its fission products. The fission 
products decay by beta-particle emission, and this concomitant 
radiation does not interfere seriously with the microscopic exami¬ 
nation of alpha-particle tracks, as shown by the study in Fig. 42. 

The metabolism of neptunium, americium, and curium have 
been investigated by Hamilton and coworkers. 1113 Am 241 and 

in the liver and bone structures, the 
activity in the liver representing 70 per cent of the total quan¬ 
tity ingested. Like plutonium, neptunium segregates chiefly in the 
bone structures. Autoradiographic studies of compact animal 
bones described by Axelrod A7 and Scott S58 show that americium 
tends to accumulate in the region of trabecular bone below the 
epiphyses, at the endosteal and periosteal surfaces of the shaft 
and throughout the cortical bone in the region of small blood 
vessels. One day after intramuscular injection of Am 241 as 
AmCl :{ in normal saline, about 43.5 per cent of the element re¬ 
mained unabsorbed at the site of injection. Of the absorbed 
material 55 per cent concentrated in the liver and 20 per cent in 
the bone. Americium, like plutonium, is slowly excreted, and at 

the end of 256 days 19 per cent remained in the bone and 0.53 
per cent in the liver. 


QUANTITATIVE AUTOHISTORADIOGRAPHY 

The number of alpha-particle tracks directed into the emul¬ 
sion from a micro structure in the tissue is a quantitative meas¬ 
ure of the amount of the radioelement ingested. For many pur¬ 
poses the relative numbers of tracks originating from different 
parts of the same tissue section suffice as a simple activity 




Im;. 12. boon fixation ol traces of plutonium in 1 1 1 <» presence of its fission 

products. 

.1. Polished sections ot wood contaminated by radioactive detonation 
products. 

n. C orresponding autoradiographs on \-ray film showing concentration of 
activity in the bark and fissures. 

C. Microscopic detail (800X) from an exposure on a nuclear emulsion 
showing plutonium alpha tracks in the presence of enhanced fog caused by 
beta radiation from fission products. 

The visual contrast between the tracks and the fog is greater than indi¬ 
cated in the static photomicrograph, as the steep tracks can be followed 
through the gelatin layer by altering the focal plane. 
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index. However, the absolute weight of the element ingested 
can be computed from the structural dimensions, the disintegra¬ 
tion constant, and the period of exposure. In view of the small 
dimensions of the source and the fact that each alpha-particle 
tiack represents the decay ol a single atom, it is readily seen 
that the method permits a quantitative assay many orders of 

magnitude lower than the most sensitive microchemical tech¬ 
niques.* 

In exposures with tissue sections whose thickness does not 
exceed 10 microns the number of disintegrations is very nearly 
twice the observed track count, C. The number of atoms of the 
radioelement n present in the point source at the time of devel¬ 
opment t is then expressed by: 

2 C 

n = — 

\t 


When the tracer element is short-lived, it is necessary to correct 

for the decay of atoms in the interval p between autopsy and 

the moment of contact with the emulsion. In general the total 

number of tracer atoms .V originally present in the tissue is 
equal to: 

2 C 


X = 




\l 


(27) 

For elements whose half-life is long compared with the interval v 
the exponential term is negligibly small. The correction is signifi¬ 
cant only lor short-lived tracers such as ThB and ThX. 

In the pattern of tissue containing polonium 500 tracks were observed 

RaF i *278 yin" 1 : ° f ? CUbiC . ~ Si "~ ‘he decay constant 
7, 1!> 2 '«X10 per hour and the exposure time was 72 hours „ 

r*',”7r ..» 

itr ,o 2,2 “ d iho 


when 101* m °' 

— -w-sta; is srxsrjsr*- - ** 
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Microscopic examination of the alpha-ray pattern usually re¬ 
veals a considerable variation in the number of tracks per field. 
As an example, in the Thorotrast tissue described in the section 
on localization of thorium, the greater area was substantially 
devoid of tracks. At several points, however, about 450 tracks 
" 01e iecordcd after 31 days’ exposure. These tracks originated 
from a tissue volume estimated at 0.00041 mm 3 . As 1 g of Th 
in equilibrium emits a total of 2.61 X 10 4 alpha particles per sec, 
it is readily seen that the track count corresponds to the localized 
deposition of 1.3 X 10“ 8 g of Th. In these particular areas the 
concentration is high and is equivalent to about 3 per cent Th0 2 . 
In this analysis long tracks predominated, many with the char¬ 
acteristic length of ThC' alpha particles, which also provided a 
qualitative identification of the parent element. 

Organic tissues containing traces of alpha-particle-emitting 
elements can also be assayed, on a representative sample basis, 
by ashing a weighed quantity of the tissue and measuring the 
activity of a thin film prepared from the ash. Certain elements 
that volatilize readily, as polonium and to a lesser extent ThB, 
will be lost during ashing. When the element is non-volatile a 
portion of the ash can be dissolved in an appropriate solvent and 
loaded into an emulsion. This procedure often permits the iden¬ 
tification of the radioelements present in the sample from meas¬ 
urements of the track lengths or from observation of the multi¬ 
plicity of recorded alpha stars. 



Chapter 10 • PRINCIPLES OF BETA- 
PARTICLE AUTORADIOGRAPHY 


The photographic technique, first introduced for natural radio- 
activity, here conies into its own. It gives the story of detailed 
distribution , taking place simultaneously, in a very direct way. 
with relatively little trouble—at least, very little trouble that is 
not already overcome by known techniques. 

—Pollard and Davidson, 1042 


HISTORICAL INTRODUCTION 

Unlike the naturally occurring radioclements which frequently 
reach stability by successive emission of alpha particles the 
synthetic isotopes decay almost invariably by beta-particle 
positron, gamma-ray, or x-ray emission. These radiations are 
not dense y ionizing and do not produce distinctive tracks in 
photographic emulsions. The radiations activate optical-type 
p io ographic media of suitable sensitivity, and the blackening 
on development serves as a measure of the relative concentration 
of the radioisotopes in plant and animal tissue, metals, crystals 
or ot lcr s > r tems in which they were incorporated 

Autoradiography with the radiations from artificial radioele- 
nients had its historical origin in the work of Groven Govaerts 
and Gueben, 027 who demonstrated that the beta particles emitted 
by radiophosphorus and neutron-activated iridium metal pro¬ 
duced a neat blackening” on photographic film. The visualiza- 
tmn technique has since been applied in numerous other investi- 
gations, the majority of which have been concerned with the dis- 
tnbution of the tracer elements in biological systems 

The general procedure is to introduce the tracer isotope into the 

tir n e 'th 111 t lC ° ,m ° f 8 rCa<IUy ionizable compound. On solu¬ 
tion, the radioactive ions have opportunity to interchange with 

non-rad,oactive ions of the same element and thus becle In¬ 
corporated m molecules of more complex composition. In their 

madet'hat tl T gratl °? tlirou 8 h the system, the assumption is 
m.le that the isotopic ions remain inseparable and that the rela- 
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tive distribution of the tracer and inactive atoms remains unal¬ 
tered during their migration to the site of final deposition. The 
tracer and the more numerous isotopic atoms differ in mass only. 
A minute fractionation might occur when the atoms are of low 
atomic mass, such as C“ and C 12 , as a result of the more rapid 
diffusion of the lighter isotope through cell membranes. In gen¬ 
eral, however, the difference in mass between tracer and stable 

atoms is less than 1 per cent, and appreciable fractionation can- 
not be anticipated. 


PROPERTIES OF BETA PARTICLES 


The beta particles are high-speed negatively charged electrons 
ejected from the nucleus of atoms in the process of radioactive 
deca\. The positron is a positively charged particle having a 
rest mass equal to that of the electron. These light positively 
chaiged particles were first observed as components of the cos¬ 
mic radiation but have since been identified with the radiation 
emitted in the decay of particular synthetic radioactive isotopes. 
The properties of the positron are in general identical with those 
of the beta particle, particularly with reference to range in solids. 

The particles ejected by a given radioelement are rarely mono- 
energetic but are usually emitted with varying velocities. This 


gives rise to a continuous beta-ray (or positron) energy spectrum 
which is characterized by a maximum energy E max and an aver¬ 
age energy E. The average energy of the beta particles is 
roughly one-third that of the maximum energy. The continuous 
variation in energy also results in a similar variation in the range 
of the beta particles. 

The range of beta particles in solids is an important factor 
governing the resolution of autoradiographic patterns. The 
average range in cm R within a solid of density d is related 
approximately to E nmx in Alev by a relationship deduced by 
Feather: F4 



0.543tf max - 0AG 
d 


Thus the beta particles emitted by P ;i2 have an average range 
of about 0.28 cm in aluminum or 0.77 cm in tissue of unit density. 
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The properties of the more common radioactive isotopes employed 
in tracer studies arc summarized in Table 24. 

Table 24. Properties of Beta-Ray-E.mitting Isotopes * 


Element 

A 

Half-Life 

Carbon 

14 

4700v 

Sodium 

24 

0.61d 

Phosphorus 

32 

14.5d 

Chlorine 

38 

0.62 h 

Potassium 

42 

12.4h 

Calcium 

45 

ISOd 

Manganese 

52 

6.5( 1 

Cobalt 

55 

0.75d 

I ron 

59 

47d 

Copper 

61 

3.42h 

Zinc 

63 

0.65h 

Bromine 

82 

1. 5d 

Strontium 

89 

55d 

Iodine 

131 

8d 

Lanthanum 

140 

1.67d 

Gold 

198 

2.7d 

Pb (RaD) 

210 

22y 

Bi (RaE) 

210 

4.85d 

Pa (UX 2 ) 

234 

1.14m 

Pa (UZ) 

234 

6.7h 

This partial list includes only the 

A complete 
I' luegge 

listing of the isotopes is 
and Seaborg. slG 


^mnx 

0.154 
1.30 
1.712 

3.5 
0.3 
0.58 

0.40 


0.405 
1.5 
0.505 

0.78 

0.0255 

1.17 

2.32 

0.45 


0.540 
0.005 
1.30 


0.24 
0.515 
0.120 
0.55j 
0.085 
0.150 


o 


0.20 
0.405 


0.33 

0.80 

0.15 


.) 


Range in 
Water, 
cm t 


0.04 
0.82 
2.70 


0.25 
0.70 
0.25 
0.54 
1.10 
0.25 

0.25 
1.05 


1.51 
1.17 
0.25 


Radi- 

at ions 

r 

0~, y 

0 ' 

0~, y 

r 

0 + 

0 + 

0~ 

0 + 

0 + 

0 ~, y 
0~ 

0~, y 

0 7 
0~ 

0~ 

0 ~ 

0~, y 
0,~ y 


K,y 

K 

y 


tered hv th f sma11 ma ss, beta particles are readily scat¬ 
tered by the atoms in their path, and, unlike the essentially 

.near trajectory of the alpha particle, the locus of a lean a 

n W„“TB “ “ riCS ° f ,r,e8 "‘"' 

naOgous to the Brownian motion of colloidal particles The 

narked scattering coupled with the long range places seJe e 

— T r£ resoIution attainable by autoradiographic 
Z e F d f useness of the image is minimized by exposing 

o certdn^radio T ^ emulsion - In the decay 

* n " k °“ 
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PHOTOGRAPHIC ACTION OF BETA PARTICLES 

In the optical-type emulsions of moderate grain size a 4.8- 
Me v alpha particle will activate about 20 silver halide grains. 

1 he response to beta radiation is considerably less. Data cited 
by von Hcvesy vu indicate that about 7 beta-particle impacts 
are required for the activation of a single grain. More recent 
experiments' 18 on the comparative blackening produced by 
equal numbers of RaF alpha particles and P 32 beta rays indicate 
that the response to beta particles diminishes rapidly with the 
grain size of the emulsion, as tabulated. 


Kmulsion Typo 
Heta: Alpha flux 


Lantern 

Slides 

20 


XT A 
30 


548-0 

(50 


In extremely fine-grained emulsions, such as Eastman 548. 
exposures up to 2 X 10” beta particles per cm 2 failed to produce 
any perceptible blackening. On the same emulsion, using a 
polonium source of identical geometry, 4 x 10 7 alpha particles 
produced a faint image, and a flux of 4 X 10 8 yielded an image 
with a photographic density of 0.19. 

Cobb and Solomon compute the sensitivity of a film as the 
logio of the number of beta particles per cm 2 required to produce 
a photographic density of 0.6 above the' background fog. This 
criterion was selected as representing the minimal density re¬ 
quired for the accurate measurement of very small images such 
as those of stars in astronomical photography. The contrast of 
different films is likewise expressed in terms of the slope of the 
characteristic curve at the point of 0.6 density above background 
fog. The approximate diameter of the clumps of silver grains 
measured microscopically on images developed to an approximate 
density of 0.6 serves as a measure of the film granularity. 

Using a calibrated thin source of C 14 and a carefully controlled 
development procedure Cobb and Solomon studied the properties 
of different emulsions having potential application as beta-rav 
recording media. Their results are summarized in Table 25. 
They conclude that Eastman No-Screen x-ray film is best suited 
for the detection of beta rays, and that slower media such as 
Ansco Reprolith and Eastman Type M x-ray stripping films are 
more suitable for autoradiographic patterns. In the microscopic 
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examination of Ilford B2 and Eastman NTB emulsions exposed 

to C 14 radiation Cobb and Solomon were able to resolve individ¬ 
ual beta tracks (see p. 227). 

Table 25. Characteristics of Beta-Sensitive Emulsions * 


Back¬ 

Sensi¬ 

tivity, 

Con- 

Granu¬ 

ground, 

logio 

t rast, 

larity, 

density 

(0/cm 2 ) 

slope 

microns 

0.20 

7.2 

2.3 

9 

0.30 

7.2 

1 .0 

9 

0.25 

7.3 

2.4 

7 

0. 14 

7.6 

0.9 

6 

O.Ofi 

7.9 

1 .3 

4 

0.10 

7.8 

1 .0 

6 

0.06 

* 8.1 

1 .4 

5 

0.06 

8.1 

1 .8 

4 

0.25 

8.9 

1.6 

3 

0.24 

9.2 

2.0 

2 

0.06 

9.2 

2.0 


0.03 

>10 


1 


Emulsion 

Eastman No-Screen x-ray film 
Eastman Spectroscopic 1-0 
Eastman Spectroscopic 103a-O 
Eastman Tri X pan. cut film 
Ilford Nuclear-Research B2 
Cramer Hi-Speed 
Eastman Contrast Lantern-Slide 
Eastman Type-M stripping film 

Ansco Reprolith Ortho stripping 
film 

Eastman Kodalith Ortho stripping 
film 

Eastman Nuclear-Track NTB 
Illord Nuclear-Research D1 

All the test strips were developed in separate 50-mi portions of freshly 

prepared Eastman D19 developer. The 2.5 X 7.5 cm strips were supported 

virticaUy rn stoppered test tubes and agitated 10 times during the 5-min 
period of development at 68°F. 

In plates of fixed composition the beta-particle blackening in¬ 
creases with the number and average energy of the incident par¬ 
ticles. With a constant flux of beta radiation the blackening 
increases with the grain size and the emulsion thickness. Infor¬ 
mation on the stability of the latent beta-ray image is not avail- 
a >le. Some fading can be anticipated, as there is evidence that 
>eta particles decompose water with the formation of hydrogen 

peroxide. Hence, in long exposures to weak sources a departure 
irom reciprocity is probable. 

In the application of commercially available optical emulsions 
to beta-ray autoradiography the choice is limited to types sensi¬ 
tive to blue light. Hypersensitive and panchromatic types can¬ 
not be employed conveniently as adequate illumination is essen¬ 
tial to proper tissue or polished-section alignment. Sensitivity 
* an important criterion as it is often difficult to secure tracer 
pieparations of high activity. Also, the introduction of large 
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closes of radioactive ions is undesirable because of possible dam¬ 
age to the living tissue by the intense radiation. 

Since the tracer isotope is often short-lived, it is not always practicable 
lo augment photographic blackening by prolonging the exposure. As an 
example, consider a tissue block activated by 1 microcurie of Co™ per 
gram. Since this isotope has a half-life of 18 hours, 3.36 X 10 G cobalt 
atoms will be present initially in a ribbon cut 10 microns thick. At the 
termination of a 100-hour exposure period, 3.30X10° Co™ atoms will 
have disintegrated. This represents 98 per cent of all the tracer atoms 
originally present, and further prolongation of the exposure will not 
increase the photographic density materially. 

The total number of tracer atoms present in a section of tissue having 
initially an activity of q microcuries is A r o = 3.7 X 10 4 ^/\. These decay 
in entirety only after an infinitely long exposure. During a finite exposure 
t the number of atoms which undergo decay is expressed by: 

8 = A',, (1 - e“ x ') 

In gencial, when t is about 5 times the half-life 5 is practically identical 
with N {) . 

Emulsions intended for the registration of x-rays will, in general, pro¬ 
duce the most rapid response to beta radiation. The No-Screen x-ray 
t\ pe film has been employed successfully in the autoradiography of tissues 
carrying sott beta-ray-emitting elements. Using tissue sections 3 microns 
thick containing 0.3 microcurie of I 131 Hamilton H1(> found that an expo¬ 
sure of 5 to 8 days provided satisfactory contrast. A flux of about 2 X 10° 
beta particles of 0.6 Mev initial energy per unit area is therefore indi¬ 
cated for the production of a satisfactory image. 

X-ray film owes its sensitivity to very large grain size, and to the pres¬ 
ence of an emulsion coating on both sides of the backing. The sensitivity 
is offset by a loss in definition, as beta particles entering the emulsion 
layers obliquely activate grains in the lower layer that are displaced 
laterally with reference to the point of origin of the radiation. A plate 
with a single heavy coating would improve definition without loss in 
sensitivity. 

Better resolving power is secured by the use of emulsions of moderate 
grain size. Bartelstone B7 reports that Lantern Slides provide better defi¬ 
nition than x-ray film, but that the exposure must be prolonged about 
threefold. Spinks S34 has employed Eastman process plates in autoradio¬ 
graphic studies of the uptake of P 32 by wheat plants. These emulsions 
give a satisfactory image after exposure to 10 7 beta particles per cm 2 . 
Studies by Kaplan K4 on the response of several optical-type emulsions 
to the beta radiation emitted by a thin film of Na2HP 32 C>4 are sum¬ 
marized by the sensitometry curves in Fig. 43. Among the emulsions of 
moderate sensitivity, Lantern-Slide plates have the advantage of exhibit¬ 
ing a nearly linear response over a wide range of excitation. 
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The effect of sensitizers on the recording properties of emulsions acti¬ 
vated by beta particles appears worthy of investigation. As is well 
known, plates designed for visual photography can be sensitized to light 
of short wavelength by the incorporation of fluorescent materials which 
absorb impinging ultraviolet light and reemit light of longer wave- 



Fro. 43. Relationship between the number of incident beta particles and 

the photographic density. 


Source: beta particles from P 3 -. 
Development: 3 min in D19 at 20° C. 
Emulsions: Eastman Kodak Co. 

A. No-Screen x-ray film. 

B. Type 1-0 plate. 

C. Commercial Ortho film. 

D. Lantern-Slide plate. 

E. Type V-0 plate. 

F. Nuclear-Type NT A. 

G. Nuclear-Type Fine-Grain Alpha. 


lengths. As shown by Bee*>,»w petroleum mineral oil is a satisfactorv 

the S sn7 h ° flu0rescent A thin film of oil is incorporated on 

l e surface by immersing the plate in a 5 per cent solution of mineral oil 

by bathing* hT freshTsolventT T '‘ e ““ “ rem ° Ved bef ° re de -lopment 

on the surface of the emulsion. Cole is of the opinion that the photo 
giaph.c action, on both oiled and unoiled emulsions, is due chiefly to 
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fluorescence excited at the surface by electron impact. Similar sensitiz- 
m g action to slow electrons has been reported by Whiddington and 
Taylor," 13 who recommend the use of Vaseline as the phosphor. These 
borderline investigations suggest that the sensitivity of emulsions to beta 

particles may be augmented by the incorporation of fluorescent dyes or 
other phosphors in the gelatin medium* 


RESOLVING POWER OF BETA-RAY PATTERNS 

Contact Autoradiography. In studies on the localization of 
ingested radioactive isotopes in tissues the blackening in the 
autoradiograph must he sufficiently sharp to permit exact corre¬ 
lation with corresponding points in the tissue. It is also desirable 
to differentiate adjacent points in the section of appreciably dif¬ 
ferent activity by corresponding variations in photographic 
density. Attempts at improved resolution have centered chiefly 
in the use of extra-thin tissue sections (1 to 3 microns) and in 

the pei fection of contact by permanent adhesion of the tissue to 
the emulsion. 

The total resolving power is dependent on emulsion character¬ 
istics, radiation energy, tissue thickness, and perfection in cutting 
and mounting. Investigations by Pelc P7 show that perfection of 
contact between tissue and emulsion is an important factor gov¬ 
erning resolving power. A gap of even 2 or 3 microns will impair 
resolution materially. Neither the slides nor the photographic 
plates are geometrically plane, and to secure good contact one of 
these should be flexible. Wrinkles in the tissue ribbon produce a 
wedge effect, and exceptional care must be taken during mount¬ 
ing when aiming at maximum resolution. Depending on grain 
size of the emulsion, a resolution of 100 to 20 microns can be 
secured by careful attention to detail. 

The autoradiography of single cells is of considerable impor¬ 
tance in problems related to the action of localized radiations on 
tissue. Some progress has been made, within the limitations of 

* Investigations by Schopper S8 show that plates treated with pinakryp- 
tol yellow yield an increased density of developed grains along the vague 
tracks of beta particles. This dye is unstable in the presence of oxygon 
and necessitates exposures either in an atmosphere of nitrogen or in 
vacuum. Dyes of analogous structure but of greater stability to atmos¬ 
pheric oxidation appear worthy of investigation as potential sensitizers 
for fine-grained emulsions. 
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the technique, in the study of large algal cells such as Nitella and 
Chara. Mullins 1135 demonstrated that the uptake of P 32 is con¬ 
fined to cellular areas in which initially a high concentration of 
phosphate ion resides and which is available for exchange with 
the radiophosphorus. 

The problem of the localization of radioelements in cells of 
smaller dimensions, such as those occurring in root tips, has been 
considered by Bayley. 1 ’ 8 To secure adequate definition’ an emul¬ 
sion capable of resolving 100 lines per mm must be employed. 
This necessitates long exposures even when the 10-micron tissue 
section has an activity of 0.04 microcurie per cm 2 . 

The back-scattering of beta particles by the glass slide carry¬ 
ing the tissue section is another factor which limits the resolution 
of fine detail. Experiments by Pelc 1>7 show that the back-scatter 
can be reduced by mounting the tissue on thin cleavages of mica 
about 20 microns thick. The increased resolution is not suffi¬ 
cient to warrant the routine application of the method. 

Focusing Methods. Efforts to increase the resolving power of 
autoradiographs by conducting the exposure in a strong magnetic 
field have not proved successful. According to Lawrence, 1 - 23 
available magnetic fields are not intense enough to produce de¬ 
flections of the beta particles for improvement of cell definition. 

Marton and Abelson M1 ° have described a method of tracer 
micrography in which the soft radiation emitted from the source 
is focused by electron optical lenses onto the photographic record¬ 
ing medium. This focusing method is practical only when the 
energy spectrum of the radiation is essentially monocnergetic 
and soft. This critical requirement is met by Cb 83 , Y 87 , Sr 85 , 
Sr 87 , Pa- 33 , and Ga 07 . The tissue section must be extra thin in 
order to avoid appreciable self-absorption. In a preliminary 
study of the method Marton and Abelson achieved a resolution 

of 30 microns using magnetic lenses producing a linear amplifi¬ 
cation of 1.6X. 

With Process Plates as the recording media and a source of 
Ga 07 having an activity of 1 microcurie per mm 2 , an image of 
satisfactory photographic density resulted after an exposure of 
1 hour. The radioisotopes to which the method is applicable 
decay by special radioactive processes such as A'-capture and by 
internal conversion of gamma radiation. The electrons liberated 
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during internal conversion are perfectly homogeneous in energy 
and can be focused successfully by magnetic lenses. 

Scott and Packer ms have developed an electron focusing method for the 
localization of stable calcium and magnesium isotopes in biological tissues. 
Certain features of this method of analysis can be incorporated effectively 
in focusing techniques in samples containing radioisotopes: 

A polished nickel cathode surface is coated with a uniform film of 
barium and strontium carbonates over which a 10-mieron-thick tissue 
section is deposited. The temperature is increased slowly until organic 
matter is destroyed and the sodium and potassium chlorides present in 
the tissue are volatilized. Areas in the residual ash containing calcium or 
magnesium cause the emission of electrons from the hot alkaline-earth 
subscreen. The electrons are focused onto a fluorescent screen with the 
aid of low-magnifving-power magnetic solenoids, and when a sharply de¬ 
fined image is secured it is recorded photographically. 

By applying this technique to tissue containing elements that decay 
with electron emission it should be possible to localize the predominating 
quantities of calcium and magnesium in the microincinerated ash while 
the cathode is hot, A second pattern, recorded at room temperature by 
prolonged exposure to the electrons resulting from radioactive decay, 
would then reveal the mode of deposition of the radioisotope. 

Resolution Testing. The resolving power of optical-type emul¬ 
sions is commonly measured by photographing a miniature 
standard parallel-line test object, either by contact printing or 
optical projection. After development the image is examined 
microscopically for the minimum separation observable between 
the reproduced lines. In testing autoradiographic resolution it 
has been the practice to employ thin tissue sections carrying 
small adjacent radioactive segregates as test objects. The bio¬ 
logical structures, however, are rarely of reproducible dimensions 
even when the sections are removed from the same part of the 
tissue block. Stevens Sj0 has devised a radioactive test object 
of minute reproducible dimensions: 

An image of a parallel-line test chart is photographed onto a high- 
resolution emulsion. After the usual processing the developed miniature 
silver image is converted to silver bromide, and this compound is then 
transformed into the iodide using a droplet of solution carrying I 131 . 
After washing and drying a radioactive test object, results which has a 
line separation of 0.5 micron. These units may be exposed against dif¬ 
ferent emulsions either by temporary contact or stripping film adhesion 
techniques. After development the resultant radiographic images can be 
compared w T ith the dimensions of the test object and the resolution evalu¬ 
ated in terms of a minimum line separation. In the fine-grain emul- 
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sions tested by Stevens, useful radiographic resolution could be obtained 
when the lines of Agl 131 were separated by 2.5 microns. 


ELECTRON TRACKS 

Kodak, Ltd., at Harrow, England, lias recently developed an 
especially sensitive nuclear-type emulsion, designated as NT2a 
plates, which are activated by slow-speed electrons. In a study 
by Berriraan n, ‘ 7 the emulsion was exposed to gamma radiation 
filtered through 1 / cm of lead and on microscopic examination 
showed “numerous fairly short, highly curved chains of devel¬ 
oped grains.” These are attributed to the low-energy end of 

tracks due to photoelectrons and recoil electrons liberated by the 
gamma rays. 

In an independent investigation with the NT2a emulsion 
Herz 1140 found that electron tracks were recorded by exposure 
to heavily filtered x-rays. The track characteristics produced at 
increasing x-ray voltage are as tabulated. 


X-ray 

Voltage, 

Kev 

35 

50 

130 


Range of 
Curved Path, 
microns 

8 

14 

35 


Maximum 
Number of 
Grains 

13 

18 

28 


Mean Grain 
Spacing, 
microns 

0.67 

0.82 

1.30 


Herz has also found that by loading these emulsions with 
thorium or uranium nitrates electron tracks were recorded at the 
origin of the alpha-particle trajectories. These thin curved 
tracks were probably produced by beta particles from UXj and 
rhB as these elements emit soft beta radiation. 

The Kodak Research Laboratories at Rochester have also de¬ 
vised an electron-sensitive emulsion (type NTB) which exhibits 
scattered tracks of electrons with energies below 50 Kev. This 

, C , mU S '™ f ldenticaI in composition and general grain size with 
hen NTA plates. The increased sensitivity is probably due to 
Prince of a dy. In a trial exposure to ."radium 

but L S0U , rce f the NTB recorded exceptionally ro- 

tracks 0^1 ^ "! the dGCay ° f RaF ’ and also sh °rt curved 

om RaD or H gmin fr attributabIe to ^e beta particles 

ure 4? p h t r 6 T' Components of the RaE spectrum. Fig¬ 
ure 44 exhibits a polonium alpha-particle track at one end of 



228 


BETA-PARTICLE AUTORADIOGRAPHY 


whicli an electron track is also recorded. Studies by Spence, 
( astle, and \\ ebb s » 4 indicate that the sensitivity of the NTB 
emulsion suffices for the detection of ionization effects as low as 



fie. 44. Comparative grain density in electron and alpha-particle tracks. 
East man XTB emubion developed by Method II. Dark-field illumina¬ 
tion, 2500X magnification. I lie curved electron tracks are more conspicu¬ 
ous when the emulsion is examined visually with a sharply focusing objec- 
li\e. I lie photomicrograph, taken with a deeply focusing objective in 
order to depict both events, also includes all the fog grains developed 

throughout the entire emulsion thickness. 


O.OOo Alev per air-cm. This is very close to maximum sensi¬ 
tivity, as the minimum of the energy loss curve for charged 
particles in air is 0.0022 Mev per cm of path.* 

* A fast charged particle produces about 70 ion pairs per cm of standard 
air. Since each ion pair requires the expenditure of 82 ev, the minimum 
energy loss per air-cm is 32 X "0 X 10 — 0.0022 Mev. 









Chapter 11 • APPLICATIONS OF BETA-RAY 

PATTERNS 


// there is one thing that is needed in histochemistry, and there can 
be no doubt of the need, it is a new method of attach. This is most 
emphatically true of the localization of inorganic salts. 

—Scott and Packer, 1930 


LOCALIZATION OF RADIOISOTOPES IN TISSUE 

Localization of Carbon, von Grosse and Snyder vs have re¬ 
corded autoradiographs of the soft beta radiations from C u bv 
employing samples of high specific activity in conjunction with 
fast emulsions. Using a barium acetate compound with a spe¬ 
cific activity of 266,000 disintegrations per minute, appreciable 
blackening on Eastman “Super XX” film was secured after an 
exposure of 1 hour. The photographic density was approxi¬ 
mately proportional to the time of exposure. A minimum of 
20 X 10 8 disintegrations produced a barely discernible image 

and about 330 X 10 8 disintegrations were found necessary for 
adequate contrast. 

By employing x-ray film as the recording medium i on Grosse and Snyder 
were able to follow the migration of sodium acetate in a sweet-potato 
eaf into which the solution was introduced by absorption through the 

Ttot' M\ eXP0SUr< ; °i 42 hoUrS provided the best contrast, indicating that 
a total beta-part,cle flux of 4 X 10« per cm* was necessary for the pro- 

luctmn of an autorad,ograph. In another experiment, a leaf grown in an 

atmosphere centum,ng C'H), had a total activity of 225 disintegrations 

The h “"I' Produccd an autoradiograph after an exposure of 20 days 

body of h°T “ T f ,° rm dlS,r ' bl " lon 0{ radiocarbon throughout the 
bodj of cells, but very little was found in the capillaries. 

The deposition of C" in bone lias been investigated bv Bloom 
Curtis, and McLean.™ Rats were injected intraperitoneally 
th banum carbonate or sodium bicarbonate in which 75 to 150 

“7? C : were * lresent The deposition of radiocarbon 
‘ exhibited in the autoradiographs was compared with similar 

punts of the bones of animals to which Sr 89 and P 3 - were ad- 
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ministered. The bones of rats injected with C 14 show that this 
element deposits differently from Sr 89 . Shortly after injection 
the C 14 compound concentrates in the shaft of the bones and the 
deposit produces black lines on the beta-ray pattern. In animals 
studied over a period of 16 weeks, essentially the same type of 
1 adiocai bon deposition was observed, except that the images in- 
ciease successively in length and width. The animals injected 
with Sr 8,) exhibit heavy deposition of the active compound in the 
metaphysis which extends into the calcified cartilage. A similar 
pattern of deposition is observed in the bones of animals injected 
with radiophosphorus preparations. 

Sections of the liver and kidney of animals exposed to C 14 
gave fairly intense autoradiographs at the 3-day and 2-week 
stages but were negative after longer intervals. Because of the 
retention of C 14 in bone, Bloom is of the opinion that health 
hazards are involved in working with this isotope and that bone 
tumors might develop from its ingestion. 

Localization of Phosphorus. Radiophosphorus is usually ad¬ 
ministered in the form of a water-soluble salt that furnishes 
P 3 “0 4 = ions on solution. Gross and Leblond r,2G have observed 
that the uptake of radiophosphorus is extremely rapid. The tis¬ 
sues reach maximum activity a few hours after injection, and the 
deposition extends to all bone formations. 

Autoradiographic studies revealing the distribution of phos¬ 
phorus in the leg bones of chickens were made by Dols, Jansen, 
Sizoo, and van der Maas. 1)11 The prints of bone sections showed 
that the epiphysis accumulated a larger quantity of P 32 than the 
diaphysis. Comparative chemical analysis of the total phos¬ 
phorus content in the same structures checked with the auto¬ 
radiographic observations. These investigators found that phos¬ 
phorus metabolism is more intense in the bone of rachitic than in 
that of normal animals. Phosphorus is a substantial constituent 
in almost all tissues, either as inorganic phosphate ion or as a 
component of complex organic compounds. The retention of 
ionic phosphate varies in different tissues and decreases in the 
following order: bone, muscle, liver, blood, kidneys, heart, lungs, 
and brain. 

Radiophosphorus tends to accumulate in leukemic lymph nodes, 
and these regions are thus subject to a greater degree of beta 
radiation than normal tissue, which accumulates this element to a 
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lesser extent. Lawrence L2S demonstrated the selective deposition 
of Sr*° m bone and P 3 - in the neoplastic cells by autoradiographs 
of the tissue of mice carrying subcutaneous bilateral lymphosar¬ 
comata. The animals to which radiophosphorus was adminis¬ 
tered showed a marked concentration of the tracer atoms in the 
subcutaneous tumors, and some deposition in other soft tissues 
and in the skeleton. The radiostrontium was observed to segre¬ 
gate almost completely in the skeletal structure, without deposi¬ 
tion in the tumors or other soft tissues. 


The therapeutic use of P 3 -> has been investigated by Low-Beer, 
Lawrence, and Stone. 1 - 41 They demonstrated variations in activity in 
different parts of a lymph node removed from a patient with generalized 
lymphosarcoma. The autoradiograph was made of a frozen section main- 
tained under refrigeration during the exposure. 

The autoradiographic technique has also been applied by Shimotori and 
Morgan s - 7 in studying the effect of vitamin D on the accumulation of 
ingested radiophosphorus. The distribution of this element in teeth has 
been studied by Erbacher and Wannenmacher, E9 and more recently by 
Berggren. 1 * 17 These autoradiographic investigations show that- the P 32 
uptake is highest in young teeth and is higher in those parts of adult 
teeth that have not matured. Detailed studies on the distribution of 
phosphorus in bone and teeth have been made by Belanger and Leblond™* 
employing their integral emulsion-tissue-staining technique. 

The absorption of phosphates by plants has been investigated by Arnon 
btout, and Sipos.A4 Tomato plants were grown in a nutrient solution 
“ actlvit / of 28 5 niicroeuries of P32 per liter, containing 1 M 
JMI 4 H 2 PO 4 as the inactive phosphate. The distribution in the leaves 
was studied by direct contact against x-ray film. Autoradiographs of the 
moist tomato fruit were made by interposing a paraffined paper between 
the emulsion and the thin slices* The studies showed that the assimi- 
ated phosphorus accumulated in the capillary conduction system of the 
leaves and in the seeds of the green fruit. 

The autoradiographic method is particularly advantageous in the study 
of the metabolism of radioactive isotopes in insects or other small organ¬ 
isms ,n which the minute size of the individual organs makes radioactive 
measurements by counting techniques difficult. 

Posin P29 has reported studies on bacteria rendered radioactive by growth 
m a medium containing Na 2 HP32() 4 . Lindsay and Craig L34 have inves¬ 
tigated the distribution of P32 in whole sections of insects fed with so¬ 
dium dihydrogen phosphate solutions having an activity of 193 micro¬ 
curies per ml. After several days of this diet about 2 microcuries 


The cutting of extra-thin slices of tomatoes and 
highly perfected art as practiced by restauranteurs. 
techniques have not been published. 


other foodstuffs is a 
Details of these guild 
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por gram of body weight was consumed. Sections cut 10 microns thick 

m ^ ag , alD l. X ' raV film until the beta-particle impact totaled 

m V Pe , r Cm : 6 patterns P'-o<1i>ced by whole insect cross sections 

could be enlarged tenfold. The prints revealed that the radiophosphorus 

was least concentrated in the fat body, and accumulated chiefly in the 

epithelium of the midmtestine, in the reproductive duets, and in the 
gonads. 

Localization of Sulfur. Axelrod and Hamilton A5 have investi¬ 
gated the deposition of sulfur compounds in skin and eye tissues 
alter exposure to mustard gas. The exposures were made with 
dichloroethyl sulfide labeled with radiosulfur containing 5 micro¬ 
curies of S*» per mg. Samples of skin were washed with petro¬ 
leum ether to remove superficial deposits of the compound and 
were fixed in formalin. Cross sections of the skin were cut 10 
microns thick, the paraffin was removed by xylol, and the sec¬ 
tions were reimpregnated with a thin solution of celloidin. The 
sections were exposed for 1 to 3 weeks against x-ray film, and the 
image was developed by means of Eastman x-ray developer 
diluted 1:4, developing for 2.5 min at 21° C. 

Comparison ol the autoradiographs with the stained tissue sections re¬ 
vealed that the sulfur compound was fixed primarily in epidermis, dermis, 
and hair follicles. The mustard compound also accumulated around blood 
\ essels, forming an annulus about 30 microns wide. The concentration 
in these minute structures was estimated by comparing the photographic 
density with the blackening produced by thin films of BaS 35 0.j of known 
activity. These measurements indicated the deposition of 0.1 microgram 
of mustard compound in a volume of 7 X 10 ~ 3 mm 3 . In the eye, fixation 
of the mustard compound occurred chiefly in the cornea, and smaller 
amounts in the conjunctiva, iris, and lens. 

Radiosulfur has also been applied in studies of the distribution of this 
element in plants. Experiments by Harrison, Thomas, and Hill 1143 show 
that wheat plants grown in an atmosphere containing S 3r, C> 2 , or in soil 
containing S 3,, 0.i = ions, pick up the radiosulfur and show a transmigra¬ 
tion into the kernels. Autoradiographs of the wheat kernels reveal a 
heavy concentration of sulfur in the embryo, the aleurone layer, with 
smaller quantities in the inner part of the endosperm. In general, their 
work shows that the sulfur distribution coincides with concentrations of 
proteins in the kernel, suggesting that the inorganic radiosulfur enters 
into combination with protein in the seed. 


Localization of Iodine. The iodine content of most tissue is 
very low. An unusually high concentration of iodine, which 
ranges between 0.25 and 1 mg per gram of organ, is present in the 
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normal human thyroid. The extraordinary selective accumula¬ 
tion of this element in thyroid has been the subject of numer¬ 
ous investigations using I 131 as the tracer for its localization 
both in normal and pathologic tissue. A typical example of a 
stained section of thyroid and its corresponding autoradiograph 
is shown in Fig. 45. 

The deposition of radioiodine in various types of human 
thyroid tissue was first studied by Hamilton, Solev, and 
Eichorn. 11 " 1 - 12 In normal thyroid the radioiodine is evenly dis¬ 
tributed throughout the section. Although the autoradiographic 
resolution is not sufficient to distinguish the pattern of individual 
cells, no great difference can be observed between the amount of 
tracer iodine in the cells and that in the surrounding colloid. 

In sections of cancerous thyroid, Hamilton found that most 
of the accumulated radioiodine segregates in the colloid. In a 
non-toxic goiter it was found that the cells and small acini sur¬ 
rounding the large colloid deposits accumulated the greater part 
of the iodine. Lcblond L27 has observed that the colloid in thy¬ 
roids stimulated with pituitary extract contains more radio¬ 
iodine than the colloid of normal animals. 


Hamilton and collaborators Hi 2 a have studied the accumulation of iodine 
in the thyroids of children with hypothyroidism. The organ concentrates 
only small amounts of orally administered inorganic iodide, and the auto¬ 
radiographs show a greater accumulation of radioiodine in the cells than 
in the colloid. Leblond L28 has investigated the distribution of iodine 
in human goitrous thyroid glands. Autoradiographs revealed that only 
true thyroid tissue absorbed the tracer. The radioiodine was not found in 
associated blood vessels, nerves, or connective tissue. 

Refinements in technique designed to minimize loss of water-soluble 
inorganic iodides during the preparation of the sections have been de¬ 
scribed by Leblond.'-20 The tissue is frozen rapidly with the aid of 
aeetone-Dry Ice mixtures, dehydrated under vacuum at temperatures 
between -25 and -30“ C, and infiltrated with paraffin under reduced 
pressure. A notable advance in exposure technique was introduced bv 
Belanger and Leblond bu by uniting the tissue with the emulsion as an 
integral permanent preparation. Considerable detail concerning tissue 
preparation exposure, and the examination of the radiographic pattern at 
high magnification is described in the work of Evans eu an( i Gross 025 
the storage of radioiodine in a metastasis from thyroid carcinoma is 
scribed by Keston.KD An extensive study of the retention of list ; n 

Hooker mT'tT^ has , be , en re P orted b >’ Marinelli, Foote, Hill, and 
Hocker. Their work shows that thyroid carcinomas of high-grade 

■ enancy do not retain the radioiodine. About 15 per cent of thyroid 
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cancers may be expected to accumulate this isotope in some degree. The 
ability to pick up tracer iodine is a function of structural properties. An 
orderly cell arrangement in follicular pattern and the presence of colloid¬ 
like material appear to favor iodine accumulation. 

Radioiodine has also been applied in the study of iodine metabolism 
in tissues other than thyroid. Gorbman G18 has investigated the distribu¬ 
tion of iodine in Perophora annectens Ritter, an ascidian that does not 
contain a thyroid gland. After 2 days’ absorption in sea water containing 
150 microcuries of I^i pcr 100 ml, autoradiographs of the prepared sec¬ 
tions revealed the accumulation of iodine in the stolonic septum. Gorb- 
man and Evans/ 1 ™ who repeated these absorption experiments using 
tadpoles, found that the iodine uptake increased with the size and amount 
of colloid in the thyroid gland. 

The tracer technique has also been applied in the isolation of iodine 
metabolites in animals in which the thyroid was removed prior to in¬ 
organic radioiodine administration. Morton, ChaikofT, Reinhardt, and 
Anderson M31 demonstrated the absence of thyroid tissue in neck and 
mediastinal regions by means of autoradiographs and found organically 
combined iodine in the small intestine and the liver. 

Reinhardt R4 utilized radioiodine to determine the degree of completion 
of thyroidectomies. A tracer dose was injected before the operation, and 
the tissue about the operative site was studied autoradiographieally. 
Thyroid remains escaping gross observation are readily detected in the 
beta-ray pattern. The effect of thiourea-type drugs on the conversion of 
inorganic iodide into organically bound iodine has been studied by 
Couceiro.C24 The process is inhibited by thiouracil, as indicated by radio¬ 
graphs of the thyroids of treated and control animals. 

Bartelstone and collaboratorshave employed radioiodine as a tracer 
m the study of the physiology of teeth. Animals were injected intra- 

* 11 * * ^ ^ ^ employing a dose of 0.5 

millieurie per kg of body weight. After 12 hours, the teeth were ex¬ 
tracted and ground down into sections 100 to 150 microns thick. The 
radiographs of these thin sections revealed the accumulation of tracer 
iodine in the enamel, dentine, and cementum. This accumulation indi¬ 
cates that a dynamic fluid medium exists in the calcified structures. 


Localization of Calcium and Strontium. Calcium is an im¬ 
portant constituent of bone structures. The element also serves 
as an activator for enzymes governing muscle metabolism. Ca 45 , 
half-life 180 days, is serviceable as a biological tracer. This 
isotope decays with the emission of soft beta particles having an 
upper energy limit of 0.3 Mev. Strontium does not occur in 
appreciable amounts in normal tissues. Tracer experiments with 
r indicate that it follows the same metabolic route as calcium. 
1 he beta radiation from Sr 89 is more penetrating than the radia- 
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lion emitted by Ca 4j and is therefore more convenient for activity 
measurements. 

Pecher P4 compared the distribution of calcium and strontium 
in the tissue of mice injected with the lactate salts of Ca 45 and 
Sr 89 . The segregation of these alkaline-earth metals was re¬ 
vealed by autoradiographs of whole animal cross sections. The 
uptake of calcium was found to be greater than that of stron¬ 
tium, but the relative distribution among different tissues was 
almost the same for both elements. Pecher also compared the 
distribution of the alkaline-earth metals with the deposition of 
phosphate, using P 32 as the indicator. Intercomparison of the 
patterns showed that almost all the assimilated Sr 80 segregated 
in the bone structures, whereas moderate amounts of P 32 accumu¬ 
lated both in the skeleton and throughout the soft tissues. 

The selective migration of radiostrontium to bone structures has sug¬ 
gested its use in the clinical therapy of bone tumors. The penetrating 
beta radiation from the accumulated Sr 89 is thereby localized chiefly at 
and near the site of the tumor. Metabolic studies on the neoplasm of 
bone have been reported by de Treadwell and collaborators 1 ' 15 employ¬ 
ing the localized radiations of Sr 89 deposits. The deposition of the ele¬ 
ment after injection, as revealed by autoradiographs and x-ray pictures, was 
primarily in the tumor and along the epiphyseal line. 

That strontium follows the path of calcium metabolism and is 
deposited chiefly in the bone salt has been substantiated in the 
investigations of Bloom, B28 Posin, P28 and Copp. C21 Bloom found 
that Sr 89 deposits most heavily in the metaphvsis and is present 
in smaller amounts in the bone structures of diaphysis and epiph¬ 
ysis. The differences in the relative amounts of the element at 
different points in the bone is attributed by Bloom to the forma¬ 
tion of a fresh deposit of bone salt in the zone of recent growth. 
Radioactive strontium ions replace existing calcium atoms from 
the crystal lattice by the ion-exchange mechanism. 

Localization of Trace Constituents. Biochemical studies in 
conjunction with microchemical methods of analysis have dem¬ 
onstrated that certain elements, existing only in very small 
concentration, are essential to plant and animal growth. These 
trace elements include boron, molybdenum, manganese, zinc, 
copper, cobalt, and gallium. Although these constituents occur 
only to the extent of a few parts per million of tissue, their sig- 
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nificant metabolic role may result from their concentration in 
particular enzymes, or segregation along cell walls. 

Studies of the function of copper on plant development indi¬ 
cate that the metal enters the composition of an enzyme catalyz¬ 
ing oxidation processes. In the potato and mushroom plants 
the enzyme is a protein compound containing 0.30 per cent of 
copper. It should be possible to study the role of micro nutrient 


elements with greater facility bv means of radioactive tracers. 


The approximate points of concentration may, in select instances, 


be determined by present-day 


autoradiographic techniques. 


Smith and Gray sr>0 have shown that on injection of radiocopper into 
the egg white of chick embryos the metal migrates throughout the struc¬ 
tures with marked accumulation in the early central nervous system. The 
autoradiographs of entire cross sections show heavy concentrations in the 
anterior brain structures. Smith and Gray note that the distribution of 
copper ion runs parallel with the oxygen uptake and cytochrome oxidase 
concentration, lending support to the view that traces of copper play an 
important part in the metabolic activities of the embryo. 

Molybdenum is another trace constituent whose presence is essential 
to the growth of healthy plants. Stout and Meagher sr>9 have demon¬ 
strated that molybdenum is rapidly absorbed by tomato plants grown 
in a nutrient medium containing the radioactive isotope Mo". Auto¬ 
radiographs revealed that the element concentrated in the interveinal 
areas of the leaves, in contrast with macronutrient elements such as 
potassium which were observed to accumulate chiefly in the stem tissue. 
It is noteworthy that in plants deprived of the essential traces of molyb¬ 
denum loss of chlorophyll takes place in the same interveinal regions in 
which this metal concentrates. 

Investigations on the absorption and retention of zinc and its occur¬ 
rence in crystallized insulin are described by Ivamen. K3 The uptake of 
zinc by tomato plants grown in nutrient media containing Zn <;r > has been 
investigated by Stout and reported by Pollard and Davidson. 1 ’- 7 Auto¬ 
radiographs of the fruit show a pronounced concentration of radiozinc 
in the seeds. 

The migration and reaction of lewisite gas into skin have been studied 


autoradiographically by Axelrod and Hamilton.* 5 The compound was 
synthesized from radioarsenic and possessed an activity of 10 microcuries 
of As 74 per mg of lewisite gas. Beta-ray patterns of the exposed tissue 
showed that the compound was concentrated chiefly in epidermis. The 
exposure produced a massive necrosis of the greater part of the epidermal 
layer, and the radioactivity was confined almost entirely to dead cells. 

Certain members of the rare-earth group of elements such as yttrium, 
ceiium, and lanthanum have a beneficial effect on plants grown in nu¬ 
trient media containing between 100 and 500 ppm of these ions. S4 2 It has 
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also been shown by Milton, Murata, and Knechtel M44 that certain rare- 
earth mineral deposits originate from the decay of plants whose leaves 
concentrated the traces of rare earths present in the soil. Members of the 
rare-earth group are included among the principal end products of uranium 
fission, and their mode of deposition in tissue has become a matter of 
considerable interest. 

The concentration of rare earths by vegetation is a matter of concern 
in the disposal of fission products. Disposal by dilution into streams 
may be offset by subsequent reconcentration by plants along the embank¬ 
ments. The average abundance of yttrium in the earth’s crust is about 
0.003 per cent. Analyses of dried hickory leaves show the presence of 
0.17 to 0.8 per cent rare-earth oxides. 

The investigations of Copp, Axelrod, and Hamilton C21 show that the 
rare-earth metals behave biologically like plutonium and are deposited 
in the uncalcified organic matrix of the bone. This mode of deposition 
appears to be unrelated to calcium content and differs from the segregation 
of other heavy metals in the skeleton. 


APPLICATIONS IN METALLURGY 

The results which may be gained by the aid of microscopic or other 
metallographic investigations are therefore to a great extent of a 
pathological character. To diagnose different kinds of slag inclu¬ 
sions, to determine their quantity and mode of occurrence, must 
of course be questions of great importance as a guide in carrying 
out metallurgical processes on which the quality of the metal ulti¬ 
mately depends .—Benedicks and Lofquist, 1931 

Study of Segregates. Shoupp S29 has investigated the segre¬ 
gation of phosphides in steel by incorporating P 32 into a small 
melt of metal heated in an induction furnace. The metal was 
cast into a 2-in. disk, which was exposed against photographic 
film after polishing. The pattern suggested that the phosphorus 
concentrated along minute blowholes in the cast alloy. This 
interpretation does not appear to be justified in view of subse¬ 
quent experiments by Nelson. N2 He drilled holes of varying 
depth into the polished surface of a P 32 steel alloy. The auto¬ 
radiograph produced by this test specimen showed that the 
blackening increased progressively with the depth of the arti¬ 
ficial blowholes. Since beta particles are not absorbed appre¬ 
ciably in traversing a few millimeters of air, greater blackening 
results because of the incidence of rays originating from the 
walls of the cavities. 
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It is difficult to avoid the formation of blowholes in small experimental 
castings. Samples selected for autoradiography must therefore be im¬ 
pregnated with low-melting-point alloys of high stopping power in order 
to avoid spurious effects from air pockets. Better resolving power can be 
secured by employing thin polished sections of the type commonly em¬ 
ployed in x-ray microradiographv. With proper attention to detail the 
beta-ray patterns should prove invaluable in checking conclusions based 
on etch reactions, printing methods, and microradiographic studies. 


Chemical and electrographic printing methods Y7 are employed 
extensively in the identification of segregates. In these methods 
a surface film of the alloy is transferred to a gelatin-coated 
paper. By developing the ionic surface replica with suitable 
chemical reagents the identity and distribution of the segregates 
are revealed by specific colorations. Owing to preferential solu¬ 
bilities of different phases or marked variations in conductivity 


the stripping of the surface film is apt to be non-uniform. Points 
of this nature can be elucidated by comparative chemical and 
autoradiographic tests on alloy specimens containing radioactive 
isotopes. Thus, it is not known whether in sulfur printing (p. 71 
all metallic sulfides produce the reaction, and it is not established 
whether liquations of MnS, FeS, or (Mn,Fe)S print with equal 
facility. 

Stanley 830 has suggested that the distribution and identifica¬ 
tion of certain inclusions might be facilitated by adding active 
isotopes of calcium and titanium to a molten slag-metal system 
and testing the resultant ingots autoradiographically. It should 
also prove practical to follow the mechanism and depth of case 
hardening by heating the polished surface of steels with KC 14 N. 

Friction Processes. Radioactive tracers have proved service¬ 
able in the study of friction between metallic surfaces. If the 
moving slider carries a radioactive metal, an autoradiograph of 
the traversed surface will reveal the extent and location of the 
indicator metal transferred from the slide to the test surface. 
Studies of this sort have been made by Gregory G24 employing 
radioactive lead as the slider. 


The adhesion component in friction processes has also been 
studied with the aid of a Cu-Be base plate rendered radioactive 
by deuteron bombardment. Metallic transfers to the rider as 
small as 10~ 10 g could be detected by radioactive measurements. 
The investigations of Sakmann, Burwell, and Irvine S2 show that 
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riders of all materials tested removed some bulk metal from the 
radioactive base, and that even at the smallest loads matter was 
transferred under lubricated as well as dry conditions. 

The quantity of metal transferred in friction processes is very 
minute and difficult to estimate even with the increased sensitiv¬ 
ity made possible by the use of radioactive indicators. Bur- 
well B49 has described several techniques for the measurement of 
tlie activity of the minute samples. As an example of the auto¬ 
radiographic technique he describes a series of friction tracks 
made by rubbing a neutron-activated mild steel on the surface 
of the same non-radioactive alloy. The patterns showed an 
adherence of the transferred material in discrete spots suggest¬ 
ing the formation of local welds with the test surface. 

With soft metals, such as lead, crossing over copper, the fric¬ 
tion patterns indicate a continuous smudging of the active metal. 
Fast x-ray film is employed as the recording medium for the 
beta-ray pattern as the activity of the transferred metallic film 
is usually low. The pliable photographic film can be wrapped 
around the surface of cylindrical test blocks. 


APPLICATIONS IN CRYSTALLOGRAPHY 


The crystal habit is often altered by traces of minor constitu¬ 
ents in the mother liquor. Habit modifications of ammonium 
dihydrogen phosphate crystals grown from solutions containing 
minute quantities of added metallic ions have been described 
by Kolb and Corner . 1 * 17 These investigations indicate that ad¬ 
sorption of trace constituents occurs on the growing crystal 
surface. The use of radioactive cations would permit the visual¬ 
ization of the traces of adsorbed metals, particularly if inclu¬ 
sion takes place along select crystal loci. 

Since beta-ray-emitting isotopes representative of nearly all 
elements arc now readily available, it should be possible to ex¬ 
tend the crvstal tracer studies initiated by Hahn to systems of 
fundamental importance in analytical precipitation reactions, 
and in the growth of special crystals suitable for radiofrequenc> 


control purposes. 

Tracer techniques are also serviceable in studying 
sion and replacement phenomena in minerals. Gaudin 
cent 05 have observed that when chalcocite, native Cu 


self-diffu- 
and Vin- 
oS, is im- 
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merged in a solution of radioactive copper ions the mineral ac¬ 
quires activity. The depth replacement ot copper trom the 
Cu 2 S lattice by Cu 03 was demonstrated as follows: The section 
was coated with paraffin, except for one face which was im¬ 
mersed in the solution. The face subject to replacement was 
then ground at a slight bevel, thereby exposing parts of the 
mineral that were at different depths during the diffusion ex¬ 
periment. The gradation in the blackening of the beta-rav 
pattern from one end of the piece to the other is a measure of 
the deptli of penetration of the radioactive atoms. 


AUTORADIOGRAPHY OF NEUTRON-ACTIVATED 

SOLIDS 


The number of neutrons captured by a target varies over a 
wide range depending on the nuclear components and tlie neu¬ 
tron energy. In almost all the elements slow neutron capture 
results in the formation of an unstable compound nucleus which 
eventually reaches stability by the delayed emission of beta 
particles, positrons, or gamma radiation. Solids exposed to a 
stream of neutrons thus become radioactive. The activity is 
dependent chiefly on the cross section of the nuclei for neutron 
capture and the rate of decay of the isotopes produced in the 
capture process. 

The capture cross section for slow neutrons ranges between a 
maximum of 79,000 X 10“ 24 cm 2 for dysprosium and 0.01 X 
10“ 24 cm 2 for carbon. The wide range of capture cross sections 
coupled with the distinctive half-lives of the induced activities 
offers many possibilities for the identification and localization of 
elements in polished section. 

Studies by Hoffman and Bacher 1130 on the photographic ef¬ 
fects produced by neutron bombardment of thin metallic foils 
show that every element causes an enhanced blackening as com¬ 
pared with the emulsion background. The photographic density 
increases with the atomic number of the element when the thick¬ 
ness of the foils is adjusted to equal numbers of atoms per unit 
area. Certain elements, such as cadmium, produce exceptionally 
pronounced blackening owing to resonance neutron capture and 


electron emission from the compound nucleus reaching equi¬ 
librium by internal conversion. 
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Part, of the blackening produced by irradiated cadmium probably orig¬ 
inates from pseudophotographic effects. Direct contact of freshly cast 
cadmium produces an image on x-ray film with a photographic density 
of 0.3 after 48 hours’ exposure.* 17 Freshly abraded cadmium metal and 
alloys in which cadmium is a major constituent activate coarse-grained 
photographic emulsions. Kallmann K24 has also observed that the gamma 
radiation emitted by cadmium under neutron bombardment has a high 
photographic efficiency and produces a stronger blackening than is to be 
anticipated from external gamma-ray sources of equal intensity. 


The activities induced in metallic foils of indium, rhodium, or 
copper are employed extensively in the estimation of neutron 
flux. In alloys of elements of markedly different cross section 
for slow neutron capture, segregates can be localized by means 
of autoradiographs of the neutron-irradiated section. The 
method has been applied by Stephens and Lewis S40 in the study 
of Al-Si alloys employed in the manufacture of crystal rectifiers. 

Autoradiographic methods for the localization of minerals in 
polished section after their exposure to neutrons have been in¬ 
vestigated by Goodman. 010 During irradiation by slow neutrons 
certain isotopes, as for example Au 197 , are transformed into radio¬ 
active species, Au 198 . If a sufficiently large number of atoms be¬ 
come radioactive, the beta particles emitted in their subsequent 
decay serve as a means for their identification by half-life meas¬ 
urements and localization by autoradiography. 

Preliminary experiments showed that the radioisotopes formed 
by Mn, Au, AY, As, Na, K, and P during slow neutron bombard¬ 
ment were particularly suited for studies of this type. Goodman 
and Picton 015 have applied the method to manganese minerals 
by in situ neutron formation of Mn 50 which decays by beta- 
particle emission with a half-life of 2.6 hours. 

In a more detailed study, Goodman and Thompson 017 list the 
elements in the order of their suitability for autoradiography. 
The classification is based on capture cross section of the target 
nuclei and the disintegration rates of the radioisotopes formed 
by neutron capture. Elements with half-lives between 1 and 
10 hours are most convenient from the viewpoint of activity 
measurements. In the order of decreasing suitability for auto¬ 
radiographic study, Goodman and Thompson list the elemental} 
constituents of segregates as follows: 
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Excellent: Dy, Eu, Ba, In. Mn 
Good: A^, Cu, Ir, La, W, Au 
Fair: I, Pt, K, Na, Ca, Ni, Si, Y 
Poor: Cl, Zn, Bi, P, Sc, Ta, V, Mg, A1 

Silver, cadmium, and rhodium, not included in this tabulation, 
are also suitable for beta-ray-pattern studies after slow neutron 
irradiation.'’ 17 

The selectivity of the beta-ray pattern is confused by the 
presence of minerals in the section which become persistently 
photoluminescent as a result of neutron bombardment. The 
phosphorescence induced in samples of scheelite is sufficiently 
intense for the activation of color film. On contact with Koda- 
chrome film the irradiated minerals record a blue image, indicat¬ 
ing that the emitted light resides chiefly in the near ultraviolet.' 17 
The enhanced blackening resulting from luminous effects can be 
recognized by separating the activated specimen from the emul¬ 
sion by a composite filter one half of which is black paper and 
the other half Cellophane. These materials absorb beta radia¬ 
tion to about the same extent, but the Cellophane is transparent 
to the visible and the near ultraviolet light. Concomitant lumi¬ 
nescent effects are thus revealed by a greater blackening beneath 
the Cellophane portion of the filter. 

The polished sections are enclosed in a container assembled from slabs 
of paraffin about 3-in. thick and are exposed with the polished surface 
facing the cyclotron target. The time of irradiation is dependent on the 
neutron flux and the half-life of the induced activity and may vary from 
a few minutes to several hours. The induced activity is visualized by 
exposing the specimens against emulsions of moderate grain size, such as 
Lantern-Slide plates. 

Bakelite is not activated appreciably by slow neutron bombardment. 
Polished specimens of the type commonly employed in mineralographic 
studies yield induced beta-ray patterns of fairly good definition. The 
resolution is improved by thinning the section to about 100 microns. The 
thin sections cannot be mounted on glass slides, as the backing becomes 
radioactive during neutron exposure. Plastics free from inorganic fillers 
or slabs of pure graphite provide satisfactory supports. 

The magnitude of the initial autoradiographic exposure can be 
approximated with the aid of an average activity measurement 
of the individual sections. However, if the activity is localized 
in select components constituting a small fraction of the total 



211 


APPLICATIONS OF BETA-RAY PATTERNS 


surface, the initial trial is apt to be overexposed. Several trial 
exposures are usually necessary to secure a pattern showing de¬ 
tailed structure of the segregates. Examples of this technique, 
using sections irradiated by neutrons from the Carnegie cyclo¬ 
tron, are shown in Fig. 46. 

With but few exceptions the elements best adapted to this 
method of study occur in minerals which are readily identified 



4 



Fin. 46. Autoradiographs of mineral sections activated by neutron bom¬ 
bardment. Positive prints IX- white, highly active; gray, moderate activ¬ 
ity; black, no activity. Neutron bombardment: Be n (d, 7 hours at 

150 microamperes, 3-in. paraffin filter. Autoradiographic exposure: 5 hours 

on Eastman Process Ortho film. 

A. Copper ore (gray) containing inclusions of pvrite (black). 

It. Cuprite (light gray) and intergrowths of malachite (dark gray). 

('. Cerussite (dark gray) enclosing native gold (white) and showing ex¬ 
ternal replacement film of malachite (gray). 

by simple petrographic techniques. Neutron irradiation, how¬ 
ever, presents a new approach to the study of the distribution 
of minor constituents in natural and synthetic crystals. The 
trace constituents responsible for the fluorescence of certain crys¬ 
tals under ultraviolet light are often elements such as europium, 
samarium, and other rare earths of large cross section for neu¬ 
tron capture. When the matrix atoms are not rendered active 
by the bombardment, the orientation of the minor constituents 

can be revealed by means of autoradiographs. 

The method should likewise prove serviceable in detecting 
minute grains of minerals of the rare-earth group. Euxenite, 
samarskite, and monazitc also contain appreciable amounts of 
uranium or thorium, but the spontaneous activity is compaia- 
tivelv small as compared with the neutron-induced acti\ity in 
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the rare-earth nuclei. The interference of the spontaneous activ¬ 
ity is further reduced by interposing a thin black paper between 
the section and the emulsion. This absorbs the alpha particles 
responsible for the major part of the photographic action con¬ 
tributed by uranium and thorium. Under these conditions, the 
method should prove applicable in studying the distribution of 
rare earths in altered radioactive minerals. 

The application of the method is limited to investigators hav¬ 
ing access to cyclotrons or atomic piles. Radium-beryllium 
neutron sources generate a total of 2 X 10 7 neutrons per sec per 
curie of radium. To secure slow neutrons this source must be 
surrounded by about 10 cm of paraffin, which reduces the emer¬ 
gent flux to a point where it is inadequate for sample activation. 
A 60-in. cyclotron generates a neutron flux equivalent to about 
10 (; curies of Ra Be. According to Fermi F1 ° the pile at the 
Argonne Laboratory generates a thermal neutron flux of about 
4 X 10 10 per cnr per sec when operated at 100 kw. 


NEUTRON ABSORPTION PATTERNS 


By interposing a thin section in a beam of neutrons, the attenu¬ 
ation resulting from capture in segregates offers another ap¬ 
proach for the localization of certain nuclei. Thus, if a silver 
foil is irradiated with slow neutrons, it becomes uniformly radio¬ 
active. When a thin section is placed in front of the detector foil, 
areas composed of atoms with large cross sections for neutron 
capture stop a fraction of the incident neutrons, and the activity 
of the silver foil is reduced correspondingly. The variation in 
activity is visualized by placing the detector foil in contact with 
a fast optical-type emulsion. Peter p37 has designated this proc¬ 
ess as “neutron photography.” The patterns resemble x-ray 
photographs of the same objects but differ in showing strong 
shadows where hydrogenous materials are concentrated. Unlike 
microradiography with x-rays, which produces greatest contrast 
with heavy metals like iron or lead, neutron radiography offers 
the prospect of securing patterns of structures composed of light 
elements which are transparent to x-rays. 

Kallmann K24 has investigated several mechanisms for en¬ 
hancing the photographic action of neutrons. The capture of 
slow neutrons by Li 6 or B 10 produces densely ionizing particles. 
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The photographic action of these secondaries can be increased 
100-fold by including a phosphor in the system and recording the 
fluorescent light on fast emulsions: 

A photographic system of high neutron sensitivity is prepared by sand¬ 
wiching a double-coated photographic film between two layers of phos¬ 
phor, which in turn are covered by very thin films of lithium or boron 
compounds. The thickness of the neutron capture layers is adjusted 
to the range of the ionizing particles in the respective compounds. Kall¬ 
mann found that the efficiency could be further increased by interposing 
a 0.5-micron aluminum foil between the capture layer and the phosphor, 
thereby reflecting fluorescent light back into the photographic emulsion. 

Kallmann also observed that the intensity distribution of a beam of 
fast neutrons can be recorded photographically by interposing thin layers 
of a phosphor and paraffin between the source and the emulsion. The 
recoil protons ejected from the hydrogenous layer transfer their energy 
to the phosphor with a high yield of light for photographic activation. 

By employing an intense collimated beam of thermal neutrons Shull s29fl 
was able to photograph the Lane pattern produced by neutron diffraction 
in single crystals. Indium foil was employed as the detector for the 
diffracted neutrons. The position of the Lane spots was visualized by 
making autoradiographs of the beta activity induced in the indium. 


MASS ASSIGNMENT OF RADIOISOTOPES 

The photographic technique has found an important applica¬ 
tion in establishing the atomic mass number of the radioactive 
isotopes formed in nuclear reactions. The reaction products are 
separated from solution and deposited on the source filament of 
a mass spectrograph. The ion beams of different mass are thus 
collected in separate lines on a photographic plate. Like all other 
charged particles, the heavy ions form a developable latent image. 
To distinguish the radioactive isotopes, the collector plate is 
contacted with a second photographic emulsion sensitive to beta 
radiation, thereby producing an autoradiographic replica of those 
line deposits which are radioactive. In the Eastman Type III-O 
plates employed as recording media Hayden nl8a notes that 
about 10 10 positive ions of mass 100 to 150 accelerated to 8 ke\ 
produce a developable line measuring 0.2 X 10 mm. On the same 
area of emulsion 10 5 beta particles emitted from the radioactive 
isotopes produce a comparable blackening on the indicator plate. 

The method has been employed by Hayden and Inghram H18 m estab¬ 
lishing the mass numbers of the isotopes responsible for the 46-hour 
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activity induced in samarium and the 9.2-hour activity of europium when 
these rare earths are bombarded by neutrons. Comparison of the indicator 
and collector plates showed that the active isotopes were Sm 153 and 
Eu 152 . Inghram 13 has applied the technique in the determination of the 
masses and half-lives of the radioactive isotopes of element 61 formed in 
the fission of uranium. After the deposition of the separated ions, the 
collector plate was placed successively against different portions of the 
indicator plate for periods calculated to give equal intensity at the mass 
149 position if the half-life was 49 hours. The photographic densities from 
a series of five exposures showed that 61 140 decays with a half-life of slightly 
more than 49 hours, although the isotope of mass 147 showed no detectable 
decay. The latter, 61 147 , has a half-life of about 4 years, and since the 
weight deposited on the collector plate is extremely small the number of 
beta particles was not adequate to blacken the indicator. The method 
has also been employed by Hess, Hayden, and Inghram 1125 in assigning 
mass numbers to the active isotopes of rhenium. Re 180 and Re 188 . The 
neutron-induced activities in lutecium, ytterbium, and dysprosium have 
likewise been studied by Inghram, Hayden, and Hess. 14 

Efforts have been made to establish the mass of the isotope 
responsible for the feeble spontaneous alpha activity of sama¬ 
rium. In 1938 Wilkins and Dempster W22 prepared a mass spec¬ 
trograph film of the separated isotopes of the element on an East¬ 
man Fine-Grain Alpha-Particle plate. After an exposure of three 
and one-half months 10 tracks were observed at the position cor¬ 
responding to the deposit of Sm 148 . On the basis of this prelimi¬ 
nary experiment the activity has since been assigned to this iso¬ 
tope with a half-life of 1.4 X 10 11 years. 

The recent extensive investigations on the details of the tech¬ 
nique revealed that in depositing the film large clusters of ions 
may be detached from the electrodes and may settle at the col¬ 
lector plate at random. With sources of low activity more tracks 
may thus be emitted from the stray specks than from the lines 
of separated isotopes. With this possibility in view Dempster 014 
has reinvestigated the problem, vaporizing the samarium from 
a hot anode ion source and collecting the separated isotopes on 
metal plates coated with graphite. In one experiment a total 
quantity of about 0.19 microgram of the element was collected, 
and this source recorded 117 alpha-particle tracks when exposed 
against a nuclear emulsion for 170 days. Only short tracks of 
7-micron range were ascribed to samarium. Of these, 48 tracks 
were located in the region between mass 150 and mass 154, and 
no concentration was found in any other region. From the track 
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distribution it is concluded provisionally that the activity is 
associated with the Sm lr>2 isotope. 


MEASUREMENT OF GAMMA RADIATION 


The gamma rays accompanying alpha- or beta-disintegration 
processes arc penetrating electromagnetic radiations emitted 
from the nuclei undergoing radioactive transformation. Like 
all other divergent radiation the gamma rays are emitted with 
the velocity of light and have a specific wavelength A and an 
energy E related by A E = 1.238 X 10“ 10 cm. The nuclear 
gamma rays have energies residing between 0.05 and 3 Mev as 
indicated in Table 26, are very penetrating, and lose their energy 
very slowly. Hence, a flux of gamma-ray photons produces com- 


Table 2(>. 

Gamma Radiation 

FROM RaDIOISOTOPK 



Primary 

• 

Associated 



Decay 

(iamma-Ray 

Isoto|x? 


Mechanism 

Energy, Mev 

Na 24 



2.76 

Ca 45 



0.7 

Mu ''’ 6 



2.7 

Co 60 



1.3 

Ga 66 


K 

0.05-0.12 

y88 


K 

2.0 

La 140 


fi~ 

2.5 

RaC 



1 .75 

ThC" 



2.62 

Ra 22fi 


or 

0.10 

IJX 2 



0.8 


* The gamma rays are usually emitted over a wide-line spectrum of varying 
intensity. Thus, the gamma rays from Th(C + C) have components of: 

Energy, Mev 1.35 1.50 1.60 1.80 2.20 2.62 3.20 

Relative intensity 1 0.65 1.1 0.65 0.6 10 0.25 


paratively small blackening on photographic emulsions com¬ 
pared with an equal flux of alpha or beta particles. The gamma 
radiations interact with matter chiefly by the following three 

mechanisms: 

1. Photoelectric Effect. When a gamma-ray photon interacts 
with an atom an electron may be ejected from either a K or an 
L orbit, and this electron receives all of the energy of the ah- 



MEASUREMENT OF GAMMA RADIATION 


249 


sorbed gamma ray. The residual atom emits x-rays and Auger 
electrons capable of photographic action. When the source emits 
low-energy gamma rays the fast photoelectrons tend to emerge 
at right angles to the beam of gamma radiation. When the flux 
is directed at right angles to the emulsion the fast photoelectrons 
have some opportunity to expend part of their energy in ionizing 
the silver halide grains. In general, the absorption is most effec¬ 
tive when the medium is composed of heavy atoms, and screens 
of lead foil or lead tungstate arc often interposed between the 
source and the emulsion in order to enhance the photographic 
blackening by the photoelectrons scattered into the emulsion. 

2. Compton Effect. Instead of reacting with the atom as a 
whole the incident gamma ray may react with one of the outer 
electrons, accelerating it but moderately, and at the same time 
the initial photon becomes converted into a gamma ray of lesser 


energy. This process of elastic scattering, discovered by Comp¬ 
ton, is particularly effective when the medium is composed of 
lighter elements such as aluminum or carbon. The gelatin of 
the emulsion and the cellulose film base are therefore serviceable 


in reducing the intensity ol an incident gamma-ray beam as a 
result of processes of Compton scattering by the nitrogen and 
carbon atoms. The attendant low-energy electrons form a latent 
image on traversing the silver halide grains. 

3. Pair Production. Gamma rays with energies in excess of 
1.022 Mev can interact with heavy nuclei in such manner that 
the incident photon is completely absorbed at a point near the 
nucleus of the atom. 1 his annihilation process materializes the 
energy of the photon and results in the production of a pair of 
+ an d — electrons. Pair production plays a significant role only 
for high gamma-ray energies incident on heavy-metal absorbers. 
When lead foils are irradiated by ThC" gamma rays in a Wilson 
cloud chamber the resultant positrons and electrons can be visu¬ 


alized as thin tracks.' These particles also cause 
formation in coarse-grained emulsions. 


latent-image 


I hese considerations show that the photographic action of 
gamma radiation is caused entirely by the production of sec¬ 
ondary electrons in the sensitive film or its immediate surround¬ 
ings. The efficiency of the process is low. Thus, Type K film 
exposed lor 4 min at a distance of 29 cm from 300 mg of radium 
enclosed in a platinum tube with walls 0.5 mm thick produces 
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on standard development a photographic density of 0.7. Because 
1 gram of radium in equilibrium emits 7.28 X 10 10 gamma rays 
per sec, the exposure is equivalent to 500 X 10 G photons per cm 2 
of film. Under conditions of direct incidence the same photo¬ 
graphic blackening would be produced by only 10° alpha par¬ 
ticles oi 10 7 beta rays. Although the instantaneous effect is 
small, the action is additive with time, and with sufficiently long 
exposuies aciv small gamma-ray intensities can be measured. 


The principal application of gamma-ray patterns resides in the detec¬ 
tion of flaws and macro inclusions in large metallic castings. The gamma 
rays from radium can penetrate through 10 in. of steel without being com¬ 
pletely absorbed. By placing a fast emulsion behind the thick metal it is 
thus possible to demonstrate the presence in the interior materials of low 
density, such as voids, cracks, and inclusions of slag and sand. These 
absorb fewer of the impinging rays than the matrix, and the emergent 
gamma rays will register as dark spots on the processed emulsion. Meth¬ 
ods of radiographic testing by means of radium gamma rays are described 
by Barrett, B ® Doan,D15 an( j Johnson.-™ 

The photographic method has also been applied in the estimation of 
the ladium content of sealed plaques. By comparing the photographic 
density with that produced by a standard radium preparation Meyer ^ 46 
has shown that the method is applicable in the assay of small amounts of 
ladium over a range ot 0.01 to 100 mg. The uniformity of the distribution 
of the radium sulfate within the plaque can also be demonstrated auto- 
radiographically by contacting the container briefly against photographic- 
film. Experiments reported by Perry I>40 indicate that a contact period of 
about 20 sec provides a suitable exposure for sealed preparations con¬ 
taining 5 mg of radium. 


Emulsions arc employed extensively as gamma-ray dosimeters 
in the health monitoring of personnel employed in the radium 
industry, and in the large scale concentration of U 233 and pluto¬ 
nium. Owing to dangers of excessive radiation exposure all lab¬ 
oratory workers using radioactive isotopes should be monitored 
in order to determine whether the shielding facilities are ade¬ 
quate to reduce the stray radiation below the tolerance level. 
The tolerance dose of penetrating radiation is frequently taken 
at 0.1 roentgen per day. The roentgen (r) is a measure of energy 
absorption per unit volume. It is defined as the amount of x- 
or gamma radiation which produces as a result of ionization 1 
electrostatic unit of electric charge in 1 ml of standard air. Fast 
x-ray-type emulsions, abetted by the action of intensifying 
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screens, can register as little as 0.03 r by a measurable increase 
in photographic density above the background fog. 

The penetrating radiation dosimeters consist of one or more 
photographic films wrapped in black lighttight paper enclosed 
in a moisture-proof envelope. The wrappings stop all alpha par¬ 
ticles and soft-beta radiation, and the recording media are thus 
activated by gamma rays, fast beta particles, and x-rays. By 
superimposing a cross of lead foil about 1 mm thick, even the 
more energetic beta rays are stopped and the blackening beneath 
the shielded portion is attributable to gamma radiation. The 
lead also serves as an intensifying screen because of the larger 
number of electrons generated within the metal by photoelectric 
and pair-production processes. 

Emulsions of varying sensitivity are available (Table 271 and 


Table 27. Sensitivity Range of Emulsions for Penetrating Radiations 


Emulsion 

Type K x-ray film 
Type A x-ray film 
Cine Positive 5301 
Cine Positive .5302 
Kodalith 6507 
Kodabromide paper G3 * 
Eastman Type 548-0 
Defender Adlux film 


Dose in Roentgens 

0.05-2.0 
1.0-10 
5-80 
40-400 
70-700 
400-8.000 
2,000-20,000 
50-15.000 


* 


* Slow-speed contact and enlarging papers can also be employed advan¬ 
tageously in the photographic visualization of intense alpha- and beta-ray 
sources. The slow media require long exposures thereby giving the operator 
ample opportunity for assemblage of tin* contact camera, and at times avoid 
the use of an evacuated pinhole camera (see p. 25). Autoradiographs of 
polished sections of moderate activity can also be made directly on paper 
media bv extending the exposure. Pitchblende samples furnish sharply 
defined patterns of the radioactive matter after 7 to 10 days’ exposure on 
Kodabromide enlarging paper. 

by proper selection a range of 0.05 to 20,000 r can be measured. 
The largest exposure is limited by the maximum density measur- 
urable, which is of the order of about 3 units. The Adlux film 
described by Whipple W30 is particularly useful in monitoring per¬ 
sonnel subject to high dosages of radiation because of its unusu¬ 
ally extensive scale. The characteristic curves of Type K and 
Adlux film are compared in Fig. 47. The latter preparation con¬ 
sists of a transparent safety base 150 microns thick doubly 
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coated with a slow-speed bromide emulsion, each layer averaging 
15 microns in thickness. Whipple W30 recommends a develop¬ 
ment in Eastman Formula D72 diluted with 2 parts of water at 
20° C for 3 min using constant agitation. After the usual fixa¬ 
tion and washing the developed aggregates of silver vary between 
0.5 and 0.7 micron in diameter. 


Scale for type K film 



1 5 10 50 100 500 1000 5000 10,000 

Scale for adlux film 




Characteristics of fast (Type K) and slow (Adlux) 

recording media. 


gamma-ray 


All film intended for radiation dosimetry should be stored at low tem¬ 
perature and low humidity in a room free from stray radiation. Each 
batch of new film must be calibrated against radiation doses of known 
intensity. This is effected bv enclosing the emulsion in the same type 
holder as carried by the personnel and exposing at a measured distance, 
exceeding 25 cm, from a known weight of radium for a time commensurate 
with the range of dosage to be measured. The calibration is best made 
with a minimum of matter in the vicinity in order to reduce scattering 
of the radiation. 

The dosage varies inversely as the square of the distance (d in cm) 
between source and film and is related to the exposure (t in min) and the 
weight of radium (w in mg) by r = 0.14 tic/d 2 . The standards and a blank 
are developed in the same bath with the monitor films, and their densities 
are compared either visually or by means of a densitometer. W hen \en 
Jrve intensities are compared the films are best viewed on a support of 
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white paper. Incident light thus passes through the film once on its down¬ 
ward course and again when it is reflected by the paper to the eye, thereby 
accentuating the contrast between the image and the fog background. 
Densities above 0.5 unit can be measured more accurately by means of 
transmission-type photoelectric or visual-matching densitometers. 

The characteristic curve produced by gamma radiation is similar in 
shape to that produced by beta particles on emulsions of moderate grain 
size. The greatest accuracy in the gamma-ray measurement results when 
the exposure falls on the nearly linear portion of the S-shaped curve, as 
then a small variation in intensity causes a large change in photographic 
density. Emulsions differing in speed exhibit the linear response at dif¬ 
ferent levels of radiation intensity, as is evident from Fig. 47. By proper 
choice of film quantitative measurements are possible over a range of 
about 0.05 to 20.000 r. When a wide range of radiation dosage is apt to be 
encountered the monitoring unit should contain two or more films of 
different sensitivities. By incorporating a nuclear-tvpe emulsion along 
with the x-rav films it is also possible to evaluate the exposure to fast 
neutrons by a microscopic count of the number of recoil proton tracks 
(see p. 286). 


A survey of photographic film as a radiation dosimeter by 
Pardue, Goldstein, and Wollan 1>n shows that the reliability of 
film meters does not change with duration of exposure and that 
blackening will almost certainly be the result of radiation ex¬ 
posure. Possible pseudophotographic effects, however, must not 
be overlooked, and may occur when films are stored in freshly 
machined aluminum holders (see p. 12). In this respect, it is 

) tltctt * lui rison M47 has observed that film stored for 
a few hours in direct contact with lead intensifying screens under 
conditions of elevated temperature and high humidity shows con¬ 
siderable irregular blackening. By proper consideration of con¬ 
ditions of film storage and care in development gamma-ray expo¬ 
sures of 0.1 r can be measured with an accuracy of about 10 
per cent, and at the lower limit of 0.05 r an accuracy of about 
20 per cent is attainable. 



Chapter 12 • APPLICATIONS IN NUCLEAR 

PHYSICS 


When we consider the wonderful advances made by Rutherford 
and his collaborators in nuclear phi,sics with sources separated out 
of the minerals of the earth, and then note that for ultranucleonic 
research also this ylobc is supplied with particles of the necessary 
ener 0y> we marvel at the richness of nature.— J. A. Wheeler, 1946 


The eaily chapters of this work have been confined almost 
exclusively to alpha particles and the tracks left by them in 
photographic emulsions. The alpha particle is the only densely 
ionizing fragment ejected in the spontaneous disintegration of the 
naturally occurring radioactive elements. In nuclear reactions 
with artificially accelerated particles the disintegration of the 
compound nucleus is accompanied by the emission of other types 
of heavy charged particles, as the proton, deuteron, triton, light 
recoil atoms, and heavy fission fragments. These particles also 
record tracks in the emulsion, often with a grain spacing suf¬ 
ficiently characteristic to permit their differentiation and identi¬ 
fication. 

The ability to differentiate the tracks of different particles 
makes the emulsion a valuable tool in modern nuclear physics 
research on a level of importance equal to that of the cloud 
chamber. A complete exposition of the applications of the nu¬ 
clear emulsion covers almost the entire field of experimental and 
theoretical nuclear physics. A comprehensive survey is beyond 
the confines of this work. The description will be limited to the 
purely laboratory aspects of the problem, such as range measure¬ 
ment and particle identification from the grain characteristics of 
its trajectory. 

The exposition is not of exclusive interest to the nuclear physi¬ 
cist. It may be read profitably by other experimentalists even 
though the only source of densely ionizing radiation available 
to them may be the alpha-emitting uranium and thorium min¬ 
erals. The earth and everything on its surface is a gigantic target 
under constant bombardment by a thin rain of particles origi- 
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nating from the cosmic radiation. Almost any nuclear emulsion 
is thus likely to carry a record of incident cosmic-ray particles 
included among the population of alpha-particle tracks recorded 
from the experimental exposure. An example of this concurrent 
process is illustrated in Fig. 60/> on p. 292. It is desirable to have 
an understanding of the origin of these rare events and to keep 
a systematic record of their occurrence in terms of period of 
exposure and area of plate surveyed. 


RANGE MEASUREMENTS 


The nuclear emulsion consists of a concentrated dispersion of 
silver halide granules of roughly spherical shape in a matrix of 
gelatin. The size of the grains ranges between 0.1 and 0.G micron 
in diameter, and the grains are distributed at random, separated 
by thin layers of water-permeable gelatin. In traversing the 
heterogeneous medium the ionizing particle intersects the grains 
in its path along chords of varying length, as indicated at A in 


Fig. 48. If sufficient energy is spent in the intersected grains 
they become reduced to metallic silver during photographic de¬ 
velopment. Grains which are not activated are removed during 
fixation, leaving voids of comparable volume in the wet gelatin. 
On drying, the gelatin layer contracts in thickness, as shown 
in B, owing to the coalescence of the voids left by the extracted 


grains. 

The residual row of silver grains outlining the path of the 
particle is a measure of its range in the original emulsion. Since 
the medium is discontinuous the particle may originate and 
terminate its trajectory in gelatin, and its recorded range, as 
defined by the terminating grains of silver, will tend to be some¬ 
what smaller than the actual distance traversed. In the modern 
nuclear-type emulsions the grains per unit of path are numerous, 
and the blind spots about the terminations do not introduce ap¬ 
preciable uncertainty in the range estimate. 

In microscopic examination of the plate on a fixed stage only 
the horizontal component L h of the complete track length L is 
observed. In order to reconstruct the full length of the track in 
the original emulsion from its measurement L h in the contracted 
gelatin film it is necessary to measure the depth of the track 2 
in the gelatin and to establish the shrinkage factor / resulting 
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from the processing. The latter is determined by making depth 
measurements on the terminal grains of the track with the aid 
of a sharply focusing objective. The readings are taken off the 
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Fig. 48. Diagrammatic representation of track-recording mechanism. 

A. The lines represent the trajectories of alpha particles «i and ao in a 
thick-layered fine-grain emulsion. 

B. Corresponding tracks delineated by grains of developed silver, as 
oriented in the dry gelatin layer after photographic processing. The 
trajectory of particle dj can be reconstructed by microscopic measure¬ 
ments of L h and z. The accuracy of these measurements is in general about 
5 per cent. A perpendicularly incident particle, such as cu, produces a 
visible track owing to the compression and slight distortion of the column 

of silver grains, but its length is subject to considerable uncertainty owing 

• • • 

to the large correction in converting the depth measurement z to its origi¬ 
nal length Z. 

Note that at high magnification the upper emulsion surface is not a true 
mathematical plane. 


scale of the fine adjustment, taking care to avoid backlash of the 
micrometer screw. The presence of scattered fog grains is of 
material aid in locating the upper and lower surfaces of the 
gelatin layer. 

In employing the fine adjustment for depth measurements, it is im¬ 
portant to make all movements for final readings in the same direction. 
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Lag of the mechanism is reduced by starting all readings from tho lower 
limit of the range of the movement. If the value of the depth divisions 
is not marked on the microscope it can be obtained by placing a cover 
glass of known thickness on a slide and recording the settings at which the 
lower and upper surfaces are brought into sharp focus. In making abso¬ 
lute measurements of the depth of a grain the immersion oil should have 
the same refractive index as the gelatin. Since the value of 2 is obtained 
by difference, a collection for the difference in refractive index of oil and 
gelatin is unnecessary. A more precise measurement of e can be made 
with the aid of a depth gauge attached to the microscope tube, as dc- 

Powell and Champion. 1 * 33 

Owing to gelatin shrinkage the inclination of the track is 
altered, and the angle of dip as measured in the gelatin must be 
corrected before the track length is computed. The nature of the 
shrinkage has been studied by Powell v:u by exposing plates to 
a precisely defined beam of protons at a known angle of incidence 
and comparing the obliquity of the recorded tracks. No appreci¬ 
able change occurs in the length or width of the emulsion, but 
the removal of the silver bromide causes a 10 to 50 per cent re¬ 
duction in the emulsion thickness depending on its initial compo¬ 
sition. The shrinkage is dependent on the volume of soluble 
material removed during processing, and its value can be approxi¬ 
mated from the volume of the silver halides on the assumption 
that the fixing process leaves no voids after the gelatin dries. 
The vertical component of the trajectory 

r , / volume of extractables 
Z = z[ \ -\ --- 

\ volume of gelatin 

and the complete track length is expressed by L = y/L h 2 + Zr. 

In the Eastman NTA or XTB emulsions containing 83 per cent 
by weight of silver halides, Z = 1.99z. It is noteworthy that 
certain emulsions contain water-soluble plasticizers, such as glyc¬ 
erine, and that these are also removed during fixation and wash¬ 
ing. Their presence introduces a significant change in the value 
of the shrinkage factor. As an example, an emulsion composed of 
82.0 AgBr + 2.5 Agl + 13.5 gelatin and 2.0 per cent of glycerine 
by weight has a shrinkage factor of 2.41. If the presence of the 

glycerine was not known a factor of 2.11 would be computed on 
the basis of the silver halide content. 
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DIFFERENTIATION OF IONIZING PARTICLES 

The tracks produced by nuclear fragments differing in mass, 
charge, or velocity are differentiated by variations in the number 
of developed grains along the trajectory. The mean grain spac¬ 
ing A is defined as L/{n — 1), where n is the total number of 
grains in the track L microns long. The track characteristics 
can also be expressed in terms of average grain density G = n/L. 
When the grain densities at the fast and slow ends of the trajec¬ 
tory are appreciably different, the quantity serves as an indicator 
for the direction of motion of the particle. In long proton tracks 
the terminal grain densities, Gf and G s , are determined by grain 
counts on 50-micron portions of the track adjoining the initial 
and terminal grain. 

The mean grain spacing A is a function of tiie average grain 
diameter d and the concentration c of the silver bromide in the 
emulsion. By assuming that the track is linear, the grains spheri¬ 
cal, and that each grain traversed is rendered developable, 
Zhdanov Zl derived from geometric considerations that A = 
2gd/'Sc, in which g is the density of the silver halides. For essen¬ 
tially pure silver bromide emulsions, A = 4.31d/c. The nuclear- 
type emulsions contain about 3.3 g of AgBr per ml, and the 
developed grains have a diameter of about 0.3 micron. If all the 
grains are activated, then the mean grain spacing would be 0.39 
micron. Measurements of A in the tracks of low-energy alpha 
particles show an average value of about 0.55 micron, indicating 
that about 80 per cent of the grains traversed are rendered de¬ 
velopable. 

Since all grains are not of equal sensitivity and require dif¬ 
ferent degrees of energy expenditure for latent image formation, 
the observation of the mean grain spacing along the developed 
track permits the differentiation of nuclear particles. The quan¬ 
titative aspects of the problem have been considered by A\ ilkins 
and St. Helens. W23 They visualize the trajectory of a nuclear 
particle as being surrounded by a cone of action which is smaller 
when its speed is large and increases in radius as the particle 
slows down. Hence the grain density increases as the projectile 
slows down. This is particularly noticeable in the tracks pro¬ 
duced by energetic protons, and the points of entry and termi- 
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nation can be readily recognized by the low and high grain densi¬ 
ties near these points. 

To render a grain developable an amount of energy in excess 
oi a minimum threshold value must be communicated to it. 
Under conditions of equal sensitivity grains crossed through a 
major diameter will have more energy imparted to them than 
those traversed along a minor chord and hence will have a greater 
probability of eventual development. Emulsions can be pre¬ 
pared with a sufficient variation in grain size, concentration, and 
sensitivity so that a fairly selective response is exhibited towards 
one or more nuclear particles. 

The investigations of both Richards and Speck Ro and Demers 1)9 
show that the extremely fine-grained Eastman 548-0 emulsion 
is essentially insensitive to proton and alpha particles but is 
activated by fission fragments. The fission-fragment tracks are 
almost continuous lines, which according to Demers D9 are of 
maximum width at their points of origin and taper down towards 
the termination. The greater grain spacing in proton tracks per¬ 
mits their ready differentiation from the tracks produced by alpha 
particles of comparable energy. Light particles, such as protons 
and mesons, are easily deflected from their linear course by close 
approach to nuclei in the emulsion, and the tracks produced by 
these particles frequently exhibit scattering. 


The mean grain spacing in the tracks of particles of moderate energy 
is in general below 1 micron, and the counting of individual grains neces¬ 
sitates the use of an optical system of maximum resolving power. An 
oil-immersion objective of high numerical aperture and oculars providing 


a total magnification of about 1250X are essential. In visual grain count¬ 
ing Kohler illumination with pale green light (Corning green-glass filter 
4010, 4 mm thick) is more effective than dark-field illumination. Under 


dark-field lighting adjacent small grains tend to coalesce and present the 
appearance of a single large grain. 


The quantitative aspects of the variation in grain spacing as a function 
of the ionizing power of charged nuclear particles are described in publi¬ 
cations by Pignedoli, 1 * 23 Lovera, L4<> Demers, 1)9 and Fekl. F19 The more 
recent investigations of the Bristol group L1(i show that log n is a linear 
function of log L, the experimental data for alpha particles, tritons, pro¬ 
tons, and mesons falling on nearly parallel lines. The relationship among 
the total number of grains in a track n is related to the mass of the par¬ 
ticle M and its recorded range L by n = Kz<~ k - - k)L k , where 

2 is the particle charge, A; is a constant for a particular particle, and the 
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coefficient K is dependent on emulsion characteristics and 
opment. 


mode of devel- 


In the practical application of these considerations to the identi¬ 
fication of the particles producing the tracks, the grains are 
counted, starting from the terminal end of the trajectory, along 
50 micron lengths until the last grain is tallied at the fast end. 
These data are tabulated in terms of the sum of grains for each 50, 
100, 150— of residual range L. For a given track the plot of log L 
against log n is essentially a straight line, particularly in the 
region where L exceeds 50 microns. Within the limitations of 
straggling the curve is independent of the energy of the particle, 
both long and short tracks falling on essentially the same locus, 
provided the slow end terminates in the emulsion. The curves 
for alpha particles, deuterons, protons, and mesons are approxi¬ 
mately parallel, and are displaced from each other in accordance 
with the discriminating power of the emulsion. A 45° line will 
intersect the several loci at points of equal grain density. At 
these intersections the residual ranges are proportional to the 
masses of the particles when they are of the same charge. Thus, 
if grain counts on proton tracks are available, the tracks of 
tritons, deuterons, and mesons recorded in the same emulsion 
can be identified by the position of their log L vs log n curves 
with reference to the locus of the proton standard. A typical 
plot for an Eastman NTA emulsion exposed in the stratosphere 
is exhibited in Fig. 49. 

The method is applicable only if the tracks are recorded in 
emulsions of equal sensitivity, given the same development, and 
in which fading of the latent image between exposure and de¬ 
velopment has not occurred. According to Webb w -° the sensi¬ 
tivity of different batches of the same emulsion is essentially con¬ 
stant for protons of moderate energy, but the tracks may exhibit 
large fluctuations in grain spacing at higher energies where latent- 
image formation is critically dependent on the threshold sensi¬ 
tivity of individual grains. 

The problem of nuclear-particle identification arises chiefly in 
the study of emulsions exposed to cosmic radiation. In such ex¬ 
posures the best practice is to depend on internal standards le- 
corded in the same plate as the event under study. The back- 
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ground alpha stars provide data for the grain spacing character¬ 
istics of low-energy alpha particles. Among the tracks arising 
from nuclear disruptions a large proportion are recorded by 
protons and these can often be sorted out from the tracks of 
more densely ionizing particles on the basis of A vs L plots. The 



I 1 1 «. 49. Relationship between residual range L and grain count n. East 
man NT A emulsion 100 microns thick exposed in the stratosphere and de 

velopcd by Method III. 


tracks of a mesons are readily recognized by the star at the end 
of their highly scattered trajectory and these provide calibration 
data for a particle of 313 electron masses. The tracks produced 
by Li fragments are characterized by a hammer structure (see 
Fig. 65). Further details on the determination of the masses 
of charged particles are described in the work of the Bristol in¬ 
vestigators L17a * G32 on the grain structure and scatter of tt-, /*-, P -, 
and cr-meson tracks. 
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RANGE-ENERGY RELATIONSHIPS 


The deceleration of fast charged particles is caused by their 
interaction with the orbital electrons of the matter traversed. 
When the velocity of the incident particle is large compared with 
that of the electrons the rate of energy loss per centimeter of 
path is expressed by: 



In this formulation ez is the charge on the incident particle, N is 
the number of atoms per cubic centimeter of emulsion, and Z and 
I are the average nuclear charge and average excitation potentials 
of the atoms constituting the emulsion, and m is the electron 
mass. The range L traversed by a charged particle of mass M 
until it is slowed down from its initial velocity t’ 0 to zero has the 
form ^ 

L = ~~2 f (^o) 

e 


Choudhuri Cl3 has investigated the applicability of this basic 
relationship to the tracks of alpha particles and protons recorded 
in the Ilford Halftone emulsion. The theory on which the rela¬ 
tionship is based is valid only in media, such as air, composed 
essentially of light atoms. In the emulsion, however, a 30 per 
cent deviation is observed between calculated and observed pro¬ 
ton ranges owing to the presence of a large number of heavy 
silver and bromine atoms whose inner K and L shells cannot be 

excited by incident particles of low energy. 

Although this relationship is not directly applicable to the 
translation of range measurements in the emulsion into energy 
of the incident particle it permits useful deductions of a general 

nature: . . , 

1. Alpha particles and protons of identical velocity exhibit the 

same range, because .their ratio of M/e~ is the same. 

2. A proton of energy E will have the same range as an alpha 

particle of energy 4 E. 

3. A deuteron has twice as large a range as a proton ot tne 

same velocity. . . . 

4. The range of a deuteron of energy E is twice that of a proton 

of energy E/2. 
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5. When two different kinds of particles of identical charge, 
but differing in mass, produce tracks with equal mean grain 
spacing their kinetic energies are directly proportional to their 
masses. 

The curves constructed by Livingstone and Bethe L35 relating 
the energies of alpha particles and protons to their respective air 
ranges are immediately applicable when the stopping power of the 
emulsion relative to air is known. The mean stopping power of 
an emulsion is defined as the ratio of the mean range in standard 
air to the mean range in the emulsion. The stopping power is 



I' ig. 50. Relationship between range of alpha particles and the stopping 

power of nuclear-type emulsions. 


• Ilford Bl, from data of Lattes. Fowler, and Ciier. L17 
+ Ilford Halftone Concentrated, from data by Tsiang.Tic 
■ Ilford Concentrated, from data by Cotton <^3 
O Eastman NTA, from data by Yagoda. Y17 


dependent on the identity and energy of the particle. The inde- 
pendent measurements of several investigators summarized in 
Fig. 50 indicate that the mean stopping power for alpha particles 
of 5 to 9 Mev is 1760 ± 50. For alpha particles of greater energy 
the stopping power increases slowly, and Ciier C3 °. 33 has computed 
a value of 2070 for alpha particles of 75 Mev. 

The stopping power for protons is of the same general order of 

magnitude as for alpha particles. The measurements of Peck po 

on the Eastman NTB emulsion show that the stopping power 

for protons with energies in excess of 5 Mev is about 2030 

Lattes, Fowler, and Ciier find that in the Ilford Bl emulsion 

the stopping power for protons ranges between 1800 and 2000 for 
particles of 2 to 13 Mev. 


Certain nuclear emulsions, as the Eastman NTB, carry an 
inert top coating about 1 micron thick intended as a protective 
ayer for the silver bromide grains. Mauer and Reynolds 5130 
have reported that the presence of this T-coat introduces an ap- 
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preciable error in the measurement of stopping power by means 
of particles entering the emulsion at small angles. Thus, the 
track of a 2.5 Mev proton entering the emulsion at 15° is 9 
microns longer than the recorded trajectory of the same particle 
when incident at 2°. The Eastman emulsions are now available 
both with and without the protective T-coat. 

The most reliable estimate of energy from measured track lengths re¬ 
sults when the plate is calibrated by means of particles of known charge 
and energy. Track-length measurements in plates loaded with purified 
solutions of the radioelements provide a satisfactory calibration for low- 
energy alpha particles. This method is limited to the range of 2.4 to 8.78 
Mev provided by the alpha particles from the decaj r of samarium, tho¬ 
rium, and its equilibrium products. 

As described in Chapter 5. while the gelatin is wet the loaded emulsion 
records tracks which are of greater length than those subsequently recorded 
in the normal dry state. When the length of all tracks is analyzed statisti¬ 
cally the wet tracks produce a minor peak to the right of the principal 
peak. Variations in stopping power can be eliminated by collecting the 
active deposits of thoron or radon on negatively charged emulsions as 
described in Chapter 7. This records full energy tracks from the decay of 
the A, C, and O' bodies covering a range of 4.73 to S.57 air-cm. Powdered 
pitchblende makes a convenient source of radon that is essentially devoid 
of thoron. 

To secure calibration data for particles of higher energy or dif¬ 
ferent mass and charge, it is necessary to expose plates to particles 
accelerated to known energy levels by the cyclotron or other 
high-voltage apparatus. Studies of this type have been reported 
by Lattes, Fowler, and Ciicr Ll7 on high-energy protons and alpha 
particles. Their experimental data are represented graphically 
in Fig. 51 together with functions computed for deuterons, tritons, 
and mesons with the aid of the basic range-energy relationships. 
Although the proton- and alpha-track measurements were made 
on the Ilford Nuclear Research plates the data are applicable also 
to emulsions of other types but of similar composition and grain 

size. 

PROTON TRACKS 

The proton is a singly charged hydrogen nucleus accelerated to 
velocities in excess of 10° cm per sec. When alpha particles collide 
with hydrogen atoms in hydrogenous materials “knock-on pro¬ 
tons are produced. Protons also originate from the alpha bom- 
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bardment of thin metallic foils, as for example in the A l- 7 -f 
He 4 —>Si 30 + H 1 nuclear reaction. The proton tracks are re¬ 
corded photographically by interposing target foils between the 
alpha-particle source and the emulsion which are sufficiently 
thick to stop the alpha particles. The protons, having greater 
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I* ig. 51. Relationship between ranee and energy of ionizing particles in 

Ilford “Nuclear Research” emulsions. 

The loci of the singly charged particles (H* H 2 , H 1 , t r, and are fitted by 
E = 0.262 A/o. 42 u L 0 s>75 , where E is the energy in Mev, and L the range in 
microns of a particle of M mass units (proton = 1). L17 « On the graph, 

the lines tor the tt- and /x-meson were constructed for particles of 400 and 
200 electron masses, respectively. 
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Fig. 51 


ranges, penetrate the foil and record tracks of length propor¬ 
tional to their residual energies. 

Tracks exhibiting the full energy of the proton are recorded by 
elastic collision of fast neutrons with hydrogen atoms within the 
emulsion layer. In collisions in which the hydrogen nucleus is 
projected at an angle less than 5° with the original direction of 
the neutron it has been demonstrated by Powell I>32 that the pro¬ 
ton is accelerated with more than 99 per cent of the incident 
neutron energy. Under these conditions the range of the proton 
is a measure of the neutron energy. 
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A neutron source adequate for the study of knock-on proton tracks can 
be assembled as illustrated in Fig. 52. A beryllium disk carrying a deposit 
of about 20 millicuries ot polonium provides an ample number of neutrons 
when the exposure is prolonged for about 2 days. The proton track popu- 



Fig. 52. Emulsion exposed to fast neutrons from a Be-Po source. 


lation varies roughly as the inverse square of the distance between the 
source and the point of observation in the emulsion. To secure condi¬ 
tions of good geometry the center of the source should be about 10 cm 
from the nearer end of the emulsion. This necessitates an increased ex- 



B 


Fig. 53. Grain structure in a proton track. Terminal details from a 11.3- 
Mev proton track recorded in an Eastman NTA emulsion. Dark-field 

illumination; 620X magnification 

A. Fast end, grain density 0.42 per micron. 

B. Slow end, grain density 1.65 per micron. 

posure, and Demers, :1)0,1 using a 450-millicurie Po-Be source found a 10- 
day period essential for a good density of recoil tracks. 

Demers’ measurements on 1800 tracks show that this source emits neu 
trons with extreme energies residing between 0.4 and 11 Mev. A statisti¬ 
cal study of the ranges in the emulsion indicates the presence of energy 
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groups producing proton tracks of 3.1, 7.1, 14.9, 23.2, and 33.1 air-cm. The 
emulsion method of detecting recoil protons has been investigated by 
Reines R21 as a means of determining the neutron spectra emitted by 
nuclear chain reactors. The technique has also been applied by Peck PGa 
in the elucidation of the neutron spectra emitted in the bombardment of 
aluminum by alpha particles, and in the disruption of silicon by deuterons. 

The track characteristics of protons have been studied by Choudhuri.cia 
In the Ilford Halftone plates the mean grain spacing is nearly constant at 


low energies and increases linearly with proton energies in excess of 4 
Mev. Essentially the same conclusion was drawn by Schopper S10 using 
Agfa Iv plates as the recording media. The tracks of energetic protons 
show a marked variation in grain density at the fast and slow ends of the 
track, as may be seen from the portions reproduced in Fig. 53. Statistical 
studies of grain density at track terminations show that, when the entire 
trajectory is recorded, G g at the slow end is approximately a constant 
independent of track length, whereas G f at the fast end diminishes linearly 
with the proton-track length. These observations are of utility in estimat¬ 
ing the energy of a proton when only the initial portion of the trajectory 
is recorded, as often occurs in cosmic-ray stars. Y,G * 2(> 


NUCLEAR-SCATTERING CAMERAS 

When a beam of accelerated particles is directed on a target a 
small fraction of the projectiles is captured with the momentary 
formation of a compound nucleus. In its subsequent disintegra¬ 
tion fragments such as protons, deuterons, and alpha particles 
are ejected. The number, nature, and angular orientation of 
these particles can be studied conveniently by recording the 
tracks of the ejected fragments in nuclear-type emulsions. These 
data are of importance in providing a measure of the energetics 
of nuclear reactions, in demonstrating the existence of nuclear- 
excitation states, and in serving as a check on the masses of the 
particular isotopes involved in the reaction. 

The general experimental approach is illustrated by the camera 
(Fig. 54) employed by Talbott T27 in his investigation of the 
angular distribution of the alpha particles produced by the inter¬ 
action of protons with thin films of lithium. The brass chamber 
is fitted with three 1X3 in. plates supported by blocks at an 
angle of 45°. The windows in front of the plates are covered 
with 25-micron-thick aluminum foil which stops light and low- 
enei gy protons, but is permeable to the energetic alpha particles 
produced in the Li 7 (p, a)a reaction. The lid of the chamber 
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I not. shown in the illustration) is made of Lucite and makes a 
vaeuum-tight seal with the aid of a neoprene gasket. The unit 
is attached to the cyclotron or Van dc Graaff generator by means 
of the slee\e on the right. After evacuation the target support 
is rotated to the lithium stove and a thin film of the metal is dis- 



Courtesy of F. L. Talbott 

I-k;. 54. Triple-plate scattering camera. The emulsions are supported on 
the 45° blocks (a). The target support (b) is coated with lithium by distil¬ 
lation after the unit is evacuated by means of the lithium stove contained 
in the sylphon cylinder (c). The camera is attached to the proton ac¬ 
celerator bv the coupling (<}) which also contains a slit system for collimat¬ 
ing the beam. 


tilled onto its face. The collimated proton beam (about 0.1 mi¬ 
croampere) is turned on and the plates arc exposed to the alpha 
particles emerging in different directions from the target for 
about 2 to 10 min depending on the accelerating voltage. Micro¬ 
scopic examination of the developed plates reveals the number 
of alpha particles emerging from the target over a span of about 
180°. From the known geometry of the camera it is possible 
to convert each point of observation on the plates to specific 
angles of emission with reference to the primary proton beam. 
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Since the inception of the technique by Wilkins,' W24 the method 
has been applied extensively in the study of the mechanism of 
diverse nuclear reactions. Details of experimental arrangements 
are described in the work of Chadwick, 03 May, Ml8 and Heitler 1120 
in their studies of the scattering of protons by hydrogen, deu¬ 
terium, helium, and thin foils of the lighter elements. A single¬ 
plate scattering camera with an angular range of 25° to 160° is 
described in the investigations of Rubin, Fowler, and Laurit- 
sen IU2 ’ 13 on the angular distribution of the alpha particles 
originating from the bombardment of lithium and fluorine with 
protons. 


Dearnley 1)13 has described another type of scattering camera utilizing 

CD 

two plates, one above and one below the collimated proton beam. To 
define oriented paths in the emulsion which facilitate subsequent track 
counting, the plates are exposed to ultraviolet light through a grating 
ruled with lines 0.25 mm apart. The light from an argon glow lamp, 
employed as the illuminant, is readily absorbed by the gelatin, and only 
the top grains of the emulsion carry the image of the grid. This permits 
microscopic examination of the scattered proton tracks without interfer¬ 
ence by the superimposed lines. . 

Buechner and coworkers 1533 have devised a camera in which the scat¬ 
tered particles are deflected onto the emulsion with the aid of a power¬ 
ful annular magnet. When used in conjunction with thin targets of the 
light elements deflected particles differing in energy by 1 per cent are 
readily resolved by the position of the tracks on the oriented emulsion. 
This method has been applied by Strait S41) in the study of the Be 9 (r/a)Li 7 
reaction. By accelerating the incident deuterons to 1.5 Mov, the ejected 
alpha particles escaped with a total of 5.2 Mev. This facilitated comparison 
of their magnetic deflection onto the emulsion with the tracks recorded 

trom polonium alpha particles (5.30 Mev) employed as a calibration 
standard. 

( hupp, Gardner, and Taylor C3,i have studied the energy distribution of 
the protons emitted from a target bombarded by 190-Mev deuterons. In 
the excitation of targets with high-energy deuterons either the neutron or 


proton component of the H 2 projectile may bo stripped off when one of 
the component nucleids strikes the edge of a nucleus in the target. The 
ejected protons have a peak energy of about 90 Mev and are difficult to 
detect photographically owing to the very low grain density in the tracks. 
The difficulty of following the fast end of the track in the high fog back¬ 
ground was obviated by slowing down the protons with suitable filters 
before they entered the emulsion. In the Ilford type B1 plates employed 
in this investigation, protons with energies below 20 Mev were found to 
record recognizable tracks. The method furnished a proton energy dis¬ 
tribution curve in good agreement with theoretical predictions for the 
energy spectrum produced by the stripping process. 
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PHOTODISINTEGRATION PROCESSES 

The fine-grained nuclear-type emulsions are not activated ap¬ 
preciably by gamma radiation. Tests by Demers D0 revealed 
that the gamma-ray fogging is tolerable until the plate receives a 
total exposure of a few hundred roentgens. This property per¬ 
mits the study of photodisintegration processes in emulsions 
loaded with light nuclei. The products of the disintegration can 
be identified by grain counts, and the energy of the particles can 
be estimated from measurements of the track length. The method 
was applied initially by Powell P31 in the disintegration of deu¬ 
terium by gamma radiation. The heavy hydrogen was incor¬ 
porated on the emulsion surface by the application of a thin 
layer of ammonium chloride containing substituted deuterium, 
ND4CI. After the irradiation, proton tracks of 2-Mev energy 
were observed in the developed emulsion layer. 

The photodisintegration of deuterium has been reinvestigated 
more recently by Gibson, Green, and Livesey Gl1 employing 
Ilford plates loaded during manufacture with calcium nitrate hy¬ 
drated with heavy water, Ca(N0 3 )2*^T> 2 0. After bombardment 
with 6-Mev gamma rays, a group of protons’ tracks with an aver¬ 
age range of 36 microns was recorded. The energy of these pro¬ 
tons (1.88 Mev) furnishes a measure of the quantum energy of 
the gamma radiation, as hv = 2 E p + Q , and the dissociation 
energy Q of the deuteron is known from its mass conversion. The 
reaction is endoergic and consumes 2.18 Mev of atomic mass 
equivalent. The kinetic energy of the particles corresponds to 
2 X 1.88 Mev. The disintegration of a H 2 atom into a proton 
and a neutron was thus effected by the conversion of a total of 
5.9 Mev gamma-ray energy. 

The method has since been applied by Bosley, Graggs, and 
Nash 1154 in the determination of the energy spectrum of the 
x-radiation emitted from the Metropolitan-Vickers 20-Mev Be¬ 
tatron. A histogram of 75 proton recoil tracks measured in 
Ilford type C2 plates loaded with deuterium showed a sharp 
peak indicative of the presence of photons of 5 Mev with minor 
components with energies up to 17 Mev. Gamma-ray spectra 
can also be evaluated by loading heavy water into nuclear emul¬ 
sions and exposing the wet plates, enclosed in a moisture-cham ei, 
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to the source under investigation. Goldhaber 033 reports that by 
this simple technique from 30 to 80 per cent D 2 0 by weight can 
be introduced into Iliord C2 emulsions coated 200 microns on a 
stripping base. The proton tracks recorded in the wet emulsion 
are elongated, and the stopping power of the medium must be 
determined by calibrating the moist plates by exposure to neu¬ 
trons of known energy. Monoenergetic neutrons of 4.25 Mev arc 
produced in the Ii 2 ( H 2 ,He 3 ) reaction. By comparing histo¬ 
grams of tracks recorded in plates loaded with D 2 0 and H 2 0 
exposed to the radiations from the F 19 (pz, y)0 10 reaction, Gold¬ 
haber was able to resolve two groups of photons with energy peaks 
at 6 and 7 Mev in the deuterium-loaded plate. 

Similar methods arc potentially applicable using emulsions 
loaded with other light atomic nuclei as Be !l . On exposure to 
gamma radiation beryllium is known to disintegrate with the 
emission of neutrons. Two mechanisms are possible: 


Be 9 -f- hv —> Be 8 -f n 1 
or 

Be 9 + hv ► 2He 4 + n 1 

Gliiekauf and Paneth ,:i3 have demonstrated that the second 
mechanism is more probable by measuring the volume of the 
helium accumulated in samples of beryllium metal bombarded 
with the gamma radiation from radon. While the gamma rays 
from radon are capable of disrupting the Be 0 nucleus, the result¬ 
ant alpha particles have too low a kinetic energy for the pro¬ 
duction of recognizable tracks. However, beryllium-loaded plates 
might prove serviceable in the estimation of exceptionally high 
gamma-ray energies associated with the decay spectrum of ThC". 

It is noteworthy that certain nuclei such as C 12 are also sus¬ 
ceptible of photodisintegration by high-energy gamma radiation: 


and more rarelv 


C 1 * + hv 


one 


C 12 + hv —> Be 8 + He 4 


This reaction is endoergic and requires an energy expenditure of 
.16 Mev to initiate the disruption. In plates exposed to 17 5- 
Mev gamma rays Hanni, Telegdi, and Ziinti h« observed III- 
pronged alpha stars which they attributed to photodisintegration 
f caibon nuclei in the gelatin. In these stars the component 
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alpha tracks are of small range and are readily differentiated 
from the alpha stars of radioactive origin. 

In a plate exposed to cosmic radiation at 3500 meters’ elevation a minia¬ 
ture star was observed Y18 with alpha tracks of 10.9, 11.7, and 13.8 microns 
range, all terminating within the emulsion layer. The kinetic energy of the 
three alpha particles totals 10.4 Mev, and, if this event is attributed to a C 12 
photodisintegration, the energy of the initiating photon is about 17 Mev. 
In photodisintegration stars the orientation of the tracks indicates conserva¬ 
tion of momentum, whereas in alpha stars of radioactive origin the tracks 
are generally ejected at random. 


IDENTIFICATION OF ALPHA-EMITTERS 

BY TRACK LENGTHS 

Emulsions loaded with ions of the radioactive elements permit 
the identification of the source material by track-length measure¬ 
ments. When the quantity adsorbed is known accurately, the 
half-life can also he evaluated from the track population and the 
known period of exposure. The distribution curves on track- 
length measurements described in the work of Powell, 034 
Demers, 09 and Faraggi F2 exhibit maxima sufficiently sharp for 
purposes of source identification. Owing to statistical fluctua¬ 
tions in the magnitude of the recorded track length caused by 
straggling of the range in heterogeneous media a large number of 
tracks must be measured in order that the mean range may be 
defined sharply. Typical track-length distributions for RaF, 
RaC', and ThC' alpha particles are shown in Fig. 55. By increas¬ 
ing the number of tracks measured the spread at half-maximum 
allows resolution of admixed alpha-particle emitters provided 

their ranges differ by 10 per cent. 

Measurements reported by Demers 1)9 show that the energy 
of alpha particles over the range of 4 to 8.5 Mev can be detei- 
mined from microscopic range measurements with an accuiac} 
better than 2 per cent. Groups of alpha particles of similar 
range, such as UI and UII, can be differentiated from track- 
length measurements in nuclear emulsions. By loading a plate 
with actinium, Guillot and Perey 030 demonstrated that the prin¬ 
cipal group of alpha particles of 3.46 air-em is accompanied by a 
15 per cent group of fewer energetic particles with an air-range 
of 3.1 cm. Faraggi F2 has measured the range of thorium alpha 
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particles in emulsions and arrives at an equivalent air-range of 
2.43 ± 0.03 cm, in agreement with other recent measurements 
which indicate that the current value of 2.00 air-cm is probably 


high. 

When the system contains several 
tracks must be measured to provide 


radioelements about 1000 
adequate statistical data 
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Fig. 55. Range distribution of alpha-particle emitters. 

A. Emulsion loaded from an aqueous solution of polonium (RaF). 

B. Emulsion exposed to radon emanation (eamotite). 

C. Emulsion exposed to thoron emanation (thorianite). 

In plates B and C only the long-ranged tracks formed by RaC' and ThC' 
deoaj’ respectively were selected for measurement. 

for a sharp delineation of the several peaks. This is admittedly 
a laborious task, but the results achieved are comparable with 
those obtained by elaborate mechanical alpha-pulse analyzers 
of the type described by Freundlich. Pls The emulsion technique 
has the advantage of inherent simplicity, freedom from mechani¬ 
cal breakdown, and ability to handle low concentrations of the 
more stable elements. The emulsion in addition portrays series 
disintegrations when the daughter products also decay by alpha- 
particle emission. This aspect of the technique aided in the dis¬ 
covery of the 4n + 1 series and should prove serviceable in the 
study of collateral chains following the bombardment of heavy 
metal targets by accelerated particles. 
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RADIOACTIVITY OF SAMARIUM 

Because of its continuous registration over long periods of 
time, track counting can be employed advantageously in measur¬ 
ing the disintegration rates of long-lived elements like samarium. 
The results obtained by investigators using electrical and emul¬ 
sion counting methods are compared in Table 28. The agreement 

Table 28. Ionizing Particles Associated with the Decay of Samarium 
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is consistent in regard to the emission of an alpha particle of 1.13 
air-cm range. Several independent studies suggest the presence 
of a minor group of ionizing particles possessing a longer range. 
Both Mader Ml and Taylor and Dabholkar T11 claim that the 
second group consists of protons rather than alpha particles. 

It is difficult to evaluate the significance of the second group of par¬ 
ticles owing to the difficulty of separating samarium from all other radio- 
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active elements, particularly the members of the actinium family, because 
the parent is isomorphous with the rare earths. The problem is further 
complicated in that the samarium preparations originated from different 
type minerals varying in uranium, and hence actinium, contents. 


In view of present-day knowledge of the fading effect, the proton tracks 
observed by Taylor may be attributed to deterioration of the older back¬ 
ground alpha-particle tracks. Exposures conducted on old plates exhibit 
a population of partially faded radium tracks which have a grain struc¬ 
ture easily confused with that of proton tracks. This explanation, how¬ 
ever, is not applicable to Mader’s observations as his measurements show¬ 
ing proton emission were made in an ionization chamber. A minor group 
of associated alpha-particle tracks was also observed in the studies bv 
\agoda and Kaplan. 118 but an identical group appeared on the control 
plates, so that the long-range particles cannot be associated with decay 
processes in the samarium preparation. 


Based on deductions from his theory of the nuclear-energy 
surface Feenberg F23 has suggested that one of the isotopes of 
gadolinium, Gd 152 , of relative abundance 0.2 per cent, may be a 
long-lived alpha-particle emitter. This hypothesis has been 
tested by Keller and Mather K27 using Ilford C2 plates 100 mi- 
cions thick in which about 2 mg of GdoOj per cm 2 was incor¬ 
porated during emulsion manufacture. Plates developed at the 
end of 4, 9, and 14 weeks showed a small number of low-energy 
alpha-particle tracks with a range similar to those emitted by 
samarium. The track population was equivalent to a samarium 
content of less than 0.01 per cent, suggesting that the observed 
activity was probably caused by an associated samarium impur¬ 
ity in the gadolinium oxide preparation. This experiment indi¬ 
cates that if gadolinium has a radioactive isotope the half-life 
based on the abundance of Gd 152 probably exceeds 10 16 years. 


The problem of the radioactivity of samarium and other adjoining 
members of the rare-earth group is worthy of further investigation. Ele¬ 
ment 61 is known to have long-lived beta-emitting isotopes, and the 
existence of a long-lived alpha-decaying isotope cannot be ruled out. 
Certain samarium preparations might contain traces of element 61, as the 
chemical fractionation methods employed in the isolation of samarium 

rom other rare earths would not free it from element 61 if it were pres¬ 
ent in the original mineral. 


lutecium, Lu 1 * 6 , is a spontaneous beta-ray emitter with a half- 
i e of 2A X 10,0 years. It is possible that other members of the 
rare-earth group may disintegrate at an even lower rate than 
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lutecium or samarium. There are indications that dysprosium 
emits alpha particles at Y^oo the rate of samarium as shown bv 
the measurements of Gysae; G31 and Yagoda Y2 has suggested 
that thulium might have a natural radioactivity. If these ele¬ 
ments decay with the emission of alpha particles, the decay rate 
can be estimated by carefully controlled exposures on back¬ 
ground-eradicated emulsions. The technique should also prove 
applicable in establishing the feeble activities associated with 
zinc and platinum noted by several earlier investigators whose 
measurements are discussed by Rutherford. 1120 


TRACKS PRODUCED BY FISSION FRAGMENTS 

Shortly alter the discovery of the fission of uranium under 
neutron bombardment, tracks of the massive fission fragments 
were recorded in emulsions bv Perfilov 1>l2 and Myssowskv and 
ZhdanovA 137 In these investigations a thick film of uranium, 
separated from the emulsion by about 2 mm of air, was irradiated 
with slow neutrons from a RdTh-Be source.* The tracks were 
heavy and had an air range of about 1.6 cm. Data published by 
the Plutonium Project r23 show that the masses of the fission frag¬ 
ments range between 72 and 158, with maxima at 96 for the light 

group and 139 for the heavy group. The average range of these 

# * 

massive densely ionizing fragments, as recorded in nuclear emul¬ 
sions, is summarized in Table 29. These measurements corre¬ 
spond to a total air range of 4.2 cm, in good agreement with 
cloud-chamber measurements by Boggild B3 ° ranging between 3.9 
and 4.3 air-cm. 

The fissionabilitv of different nuclei can be determined by ex- 

V 

posing suitably loaded emulsions to neutrons and observing the 
formation of fission tracks. Because of the importance of this 
technique, a considerable number of emulsions and processing 
methods have been studied, aiming at the selective registration 

of fission-fragment tracks. ... 

The experimental approach can be classified into three main 
categories. In the first, an extremely slow emulsion which is 

♦ The common practice of covering thin film sources with a layer of 
Scotch tape was in a large measure responsible for the delay in the dis¬ 
covery of the fission phenomenon. The coating, intended as a filter for 
the alpha particles, also stopped the fission fragments and prevented the 
observation of the intense ionization produced by them. 
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rendered developable only by intense localized ionization is em¬ 
ployed. In the second class, a normal nuclear-type emulsion is 
utilized, and the tracks of the fission fragments are differentiated 
from other type tracks by variations in grain spacing. In the 
third category an effort is made to obliterate the latent image 
of alpha and proton tracks with the selective retention of the 
fission-fragment latent image. 


Table 29. 


Ranch-: of Ukanicm Fission Fragments in 


Kmi lsions 


Range, microns 



Long 

Short 

Total 

Investigation 

Track 

Track 

Range 

Demers™ 

14.4 

11.2 

25.5 

Richards and Speck 1 **’ 



23 

Wollan, Moak, and Sawyer" 2 ' 1 

14.5 

10.5 


Green and Livesev*' 22 

15 

10 

23-25 

Tsien San-Tsiang 120 



23 

Y agoda Y17 



24 ± 1 


* Mission tracks recorded in tin* Eastman XTC emulsion loaded with 0.1 mg 
U per cm 2 . 


Special Fission Plates. In cooperation with the Eastman Re¬ 
search Laboratories, Borst and Floyd It32 developed an emulsion 
type NTC which is insensitive to light, alpha, beta, gamma, 
x-ray, and neutron radiations but records the tracks of fission 
fragments. Exposure to large numbers of alpha particles causes 
eventual blackening, but the image is composed of a network of 
fog grains without track structures. When the ratio of alpha to 


fission disintegrations is not excessive, the fission-fragment tracks 


are observable on the fog background. The Ilford type D1 plate 
is of an analogous character, recording good fission tracks, and 
has a low sensitivity to alpha particles and protons. Borst and 
Floyd have employed these emulsions in measuring the fission 
cross section of uranium, lead, bismuth, and polonium. 

Richards and Speck 116 make similar use of the extremely fine¬ 
grained Eastman 548-0 emulsion. When these plates are loaded 


from solutions of uranyl nitrate and exposed to slow neutrons, 


fission tracks are recorded without serious interference from the 
alpha particles emitted in the spontaneous decay of the uranium. 
Demers 1)0 reports that the mean grain spacing of fission-fragment 
tracks in the Eastman 548 emulsion is 0.4 micron after develop¬ 
ment in D19 for 5 min. 
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Fission Tracks in Nuclear-Type Emulsions. The tracks of fis¬ 
sion fragments can be differentiated from those of alpha particles 
and protons by their greater grain density. The method is prac¬ 
tical only when short exposures can be made under high neutron 
flux in order to avoid the registration of a high population of 
alpha-particle tracks. According to Demers, D9 loading from a 
0.06 per cent solution of uranvl nitrate for 5 min yields an 
optimum concentration of uranium nuclei for exposures to slow 
neutrons from a chain-reacting pile. Larger concentrations tend 
to desensitize the emulsion, and the fission tracks develop with a 
low grain density. 

1 he chief advantage of the nuclear-type emulsion resides in 
its ability to register the tracks of other ionizing particles which 
accompany the fission process. Demers, D5 one of the earliest in¬ 
vestigators of the phenomenon, observed the emission of long- 
ranged alpha particles accompanying the heavy tracks of the 
fission fragments, one of the recorded alpha tracks exceeding 28 
air-cm in range. Subsequent measurements by Farwell, Segre, 
and Wiegand F3 showed that 16-Mev alpha particles are emitted 
in the fission of U 235 in the ratio of 1 alpha particle per 250 fis¬ 
sions, and that a fragment of similar energy is ejected in the fis¬ 
sion of Pu 230 with a frequency of 1 in 500. Marschall M38 ob¬ 
serves that in uranium-loaded NTB plates 1 per cent of the fis¬ 
sions show the track of an alpha particle directed nearly at right 
angles to the direction of the fission tracks. 

Wollan, Moak, and Sawyer W2G have made a systematic inves¬ 
tigation of the alpha particles associated with the fission process, 
employing the Eastman Fine-Grain Alpha-Particle plates loaded 
from saturated solutions of uranyl acetate as the recording media. 
They observed alpha-like tracks with ranges between 9 and 39.7 
air-cm, the maximum frequency residing between 20 and 25 air- 
cm. These tracks originate near the center of the fission track 
and thus serve as an indicator in measurements of individual 
fission-fragment ranges. 

Along with t lie long-ranged group of alpha particles Green and 
Livesey 022 have also observed the emission of charged particles with 
ranges of about 0.87 air-cm. According to Feather F,) in about 1 per cent 
of all fissions an alpha particle is liberated at the moment of the separa¬ 
tion of the massive fragments. These alpha particles are mostly of sma 
energy below 2 Mev, but some are found with energies in excess of 20 

Mev. 
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Tsein San-Tsiang and liis collaborators T17 - 18 »- 1 have observed events in 
uranium-loaded emulsions indicative of ternary 0 3 and quaternary 0 t 
splitting of the uranium atom, along with the more numerous instances 
of the binary fission process 0 o. These disintegrations are rare, and the 
relative frequency has been estimated at 03/02 = 0.003 ± 0.001 and 
04/02 = 0.0003 ± 0.0002, respectively. In tripartition two of the fragments 
are heavy and the third one is light. The heavy fragments have ranges 
of 1.9 and 2.3 air-cm, and that of the light particle ranges between 2 and 
44 air-cm. 

In ternary fission the most frequent track length of the light particle cor¬ 
responds to 25 air-cm and is emitted almost at right angles to the line of 
direction of the heavy fragments. These light particles appear to be iden¬ 
tical with the alpha particles observed by Demers, Wollan, and others. 
Tsien San Tsiang also reports short-ranged fragments of 0.8 air-cm, prob¬ 
ably identical with those observed by Green and Livesey. In the quater¬ 
nary fission process, also studied by Ho Zah-Wei, San Tsiang, Vigneron, 
and Cliastel, 1 ' 13 ® the compound nucleus of mass 236 splits into four frag¬ 
ments whose masses are estimated to be 84, 76, 72, and 4. 

Tsien San Tsiang, Ho Zah-Wei, and Faraggi T -° have estimated the 
energy liberated in the fission process from the range of the fragments in 
neutron-bombarded emulsions. When the compound nucleus of U- 3r> + 1 
splits into fragments with masses of 96 and 138, 150 ± 5 Mev kinetic energy 
is associated with the two particles. When the 1-288 isotope undergoes fis¬ 
sion the energy of the fragments totals 160 ± 5 Mev. 

In emulsions loaded with thorium and exposed to neutrons the fission 
fragments produce tracks of 21 microns total length. This corresponds to 
a kinetic energy of 135 ± 10 Mev for the Th2»3 compound nucleus. San 
Tsiang and Faraggi T 10 have also observed the tripartition of thorium in 
loaded emulsions exposed to fast neutrons. The third light fragment 
omitted at an angle of 70° to the line of direction of the heavy fragments 
has a range ot 0.6 ± 0.2 air-cm. The ratio of 03/02 is 0.014 ± 0.002 and 
appears to be more common than in the analogous tripartition of uranium. 

In the investigations of San Tsiang and coworkers T21 « the emulsion 
(Ilford C2, 40 microns thick) is loaded for 5 min in a 20 per cent uranyl 
nitrate solution, and is dried rapidly by dehydrating with 95 per cent ethyl 
alcohol for 3 mm and exposing to a stream of air. Track discrimination is 
secured by altering the concentration of the developer or the time and 
temperature of development in accordance with the uranium pickup and 
the type of phenomenon under investigation. The tracks of fission frag¬ 
ments are differentiated from those of alpha particles and proton recoils 

by developing the plate for 40 min at 18° C in 1 part of 1)19 developer 
diluted with 19 parts of water. 

Selective Processing for Fission Tracks. Studies on the action 
Ol oxidants on the latent image produced by ionizing particles 
led Perfilov I>13 - 14 to the conclusion that the development of all 
silver bromide grains receiving only a single impact could be in- 
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hibited by oxidation before development. Since the specific ioni¬ 
zation produced by fission fragments is greater than that of alpha 
particles traversing the same medium, Perfilov reasoned that a 
differential oxidation of the emulsion could be arranged such that 
only the grains traversed by fission fragments would subse¬ 
quently develop. 


Perfilov 1 ’ 15 ’ 10 observed that in plates exposed to external films of ura¬ 
nium under neutron bombardment the predominating population of alpha- 
particle tracks could be obliterated by bathing the emulsion in a solution 
containing about 0.15 mg of C 1 O 3 per ml before development. The exact 
concentration of the oxidizing solution and the period of immersion are 
dependent on emulsion characteristics, and the conditions are best deter¬ 
mined by trial. 

Concentrated solutions of uranium salts also have a destructive action 
on the alpha-particle latent image. Green and Livesey 021 have observed 
that when the Ilford plates are loaded with increasing quantities of uranyl 
ions the tracks of alpha particles and protons are weakened whereas the 
grain structure of the fission-fragment tracks is not altered appreciably. 
Their studies show that the grain density in the fission tracks decreases with 


diminishing energy of the fission fragment. This behavior differs from the 
ionization functions of protons and alpha particles, which exhibit increased 
ionization towards the trajectory termination. It is therefore possible that 
the complete range of the fission fragments may not be recorded in ura¬ 
nium-loaded emulsions. 

Green and Livesey <;22a load Ilford C2 plates from uranyl acetate solu¬ 
tions acidified with 10 per cent acetic acid. In order to secure uniform 
distribution of the uranium throughout the emulsion thickness, a 1 -hr im¬ 
mersion period is employed for 20 -micron-thick emulsions, and the imbi¬ 
bition period is extended to 12 hr with plates coated 100 microns thick. 
After drying in a current of air and exposure to slow neutrons, the plates 
are developed for 40 to 50 min in 1 volume of D19 diluted with 10 parts of 
water. Development is terminated by immersing the plates for 5 min 
in a 1 per cent potassium metabisulfite stop bath, and the plates are fixed 
for 2 hr in a 30 per cent sodium thiosulfate solution, washed, and dried. 
Varying degrees of discrimination between proton, alpha particle, and 
fission fragment tracks can be secured by altering the concentration of the 
uranyl acetate bath as shown in the tabulation. The long-range alpha 
particles associated with the fission process record best in plates loaded 
from 0.5 to 1.0 per cent uranyl acetate. 


Per Cent 
Uranyl Acetate 

1.0 

2.0 

4.0 


Track Structure in Ilford C2 or B1 Plates 
Proton Alpha Fission 


Faint 

None 

None 


Distinct 

Light 

Very weak 


Very dense 

Dense 

Dense 
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The investigations of Broda lH - demonstrate that the Ilford plates can 
be desensitized to gamma rays and proton recoils from fast neutrons by 
bathing tlie plates lor 5 min in 1 per cent chromic acid, rinsing with water, 
and drying prior to the neutron exposure. On loading the oxidized plates 
with uranium compounds the alpha-particle tracks are weakened, but fission 
tracks are clearly evident when the plate is examined at 1500X magnifica¬ 
tion. The method prevents the registration of proton tracks during neutron 
bombardment, and the plates can therefore be exposed to very high doses 
of fast neutrons, as is necessary in studying the fissionability of certain 
heavy nuclei such as lead and bismuth. 


Spontaneous Fission. There is a small but finite probability 
that certain nuclei of mass greater than 220 may split spontane¬ 
ously in the absence of external activating radiation. The effect 
was first observed in uranium by Flerov and PetrzhakT 18 who 
measured a spontaneous neutron emission corresponding to a fis¬ 
sion rate of (0.2 to 2) 10 24 sec -1 . This phenomenon has been 
confirmed by numerous other investigations, and the measure¬ 
ments of Pose P3 ° and Scharff-Goldhaber S48 indicate that the 
half-life for spontaneous fission is 3.1 x 10 13 years. Khlopin K2C 
has demonstrated the presence of occluded xenon in old samples 
of uraninite, the quantity being consistent with the age of the 
mineral and the magnitude of the spontaneous fission rate. 

The rate of spontaneous fission in uranium and thorium has 
been investigated by Perfilov P16a utilizing emulsions as record¬ 
ing media for the tracks of the ejected fission fragments. The 


measurements are rendered difficult owing to the low magnitude 
()f t,ie fission Process, the simultaneous high rate of alpha-par¬ 
ticle emission, and the complication introduced by cosmic-ray 
neutrons. The heavy alpha-track background was eliminated 
by destroying their latent images by oxidation with y 7n00 g Cr0 3 
per ml solution before development. Control exposures demon¬ 
strated that 10 8 alpha tracks per cm 2 emitted from UI and UII 
could be obliterated without destroying the latent image of slow- 
neutron-induced fission fragments. With thin films weighing 
about 1 mg U per cm 2 it is possible to extend the exposure for 

oyer a month and thereby to build up an appreciable population 
of fission tracks. 


n his final experiments Perfilov employed radiochemically purified films 
weighing 0.924 mg of U 3 0 8 and 1.23 mg of Th0 2 per cm2. The thin films 
"ere separated trom the emulsion by 1.5 mm of air at a pressure of 1 mm 
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of Hg. In order to exclude external neutrons the evacuated camera was 
enclosed by cadmium screens and .stored in the Moscow subway 50 meters 
below ground level. After an exposure of 1684 hours, 96 fission tracks were 
counted over 5.67 cm 2 of the uranium film and 5 tracks over 4.95 cm 2 of 
the thorium dioxide. 


Under the particular conditions of microscopy (100X apochromatic oil- 
immersion objective and Kohler illumination), tracks with a residual air 
range of 0.25 air-cm could be differentiated from the background fog. Most 
of the fission tracks had a range of 0.75 to 1.0 air-cm, the entire spectrum 
falling between 0.25 and 2 air-cm. Perfilov believes that the ranges of the 
individual fission fragments are somewhat longer than indicated by his 
observations as the oxidation process doubtlessly obliterates the thinly 
ionizing terminal portions of the fission tracks. 

To compute the fission rate, the track count has to be corrected for 
internal absorption of fission fragments within the test film. This factor 
can be evaluated by assuming a stopping-power relationship similar in form 
to the Bragg-Kleeman rule for alpha particles (equation 16, p. 118). For 

the films in question I (1 — r)/2(R — p) I has a value of 0.83 for the 
uranium and 0.79 for the thorium preparation. With two oppositely di¬ 
rected fragments ejected per fission, Perfilov evaluated the half-life for 
spontaneous uranium fission at 1.3 ± 0.2 X 10 1G years. This corresponds 
to a somewhat lower disintegration rate than that estimated from neutron 
counts on large masses of uranium. Owing to the extremely small mag¬ 
nitude of the effect it is difficult to evaluate the reliability of the two 
methods. The smaller value measured by Perfilov may possibly originate 
from a fading of the latent fission-track images during an exposure of 
70 days. On the basis of the thorium fission-track count the half-life is 
estimated at~4Xl9 17 years, which is again somewhat longer than the 
value of 1.7 X 10 17 years observed by Pose. 1 ’ 30 


TRACKS OF HEAVY IONIZING PARTICLES 

The track characteristics of deuterons have been described by 
Wilkins and St. Helens, W23 Husizawa and Tajima, H38 and Sa- 
gane. 851 The Ilford emulsions have been employed in the study 
of the elastic scattering of deuterons by Guggenheimer, Heitler, 
and Powell. 020 The mean grain spacing of deuteron tracks has 
been measured by Brock and Gardner B41 using particles accele¬ 
rated to high velocities in the 184-in. Berkeley cyclotron. In 
deuteron tracks of 950 microns’ recorded length the mean grain 
spacing is about 2.4 microns, and the terminal grain densities 

are G f = 0.19 and G s = 0.85 grain per micron. 

The mean grain spacing in the tracks produced by tritons has 
been studied by Lattes, Occhialini, and Powell L1 ° and Lattes, 
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Fowler, and Cuer. L17 Triton tracks arc recorded in the neutron 
bombardment of lithium-loaded emulsions. The disintegration 
of the Li 6 + n compound nucleus results in the formation of a 
triton and an alpha particle. With slow neutrons the tracks of 
the two particles are eollinear as illustrated in Fig. 56. When 
the reaction is initiated by a fast neutron its momentum causes 
the particles to deviate, thereby defining the point of origin of 
the alpha and the triton tracks. 

It is noteworthy that the tracks produced by the more lightly ionizing 
triton fragment tend to disappear first on delayed development, and in 


Fig. 56. 
particle 



Comparative grain densities in a eollinear triton and alpha- 
track. Recorded in an Eastman NT A emulsion loaded with 

lithium borate. 


certain experiments this fading effect can be employed to increase the dis¬ 
crimination between the triton and alpha trajectories. 11 7 Experiments 
described by Faraggi Fsb show that this effect can be accelerated by brief 

exposures above hydrogen peroxide vapor or moist air prior to develop¬ 
ment. 1 

The tracks produced by accelerated helium ions of mass 3 
have been investigated by Lukirsky, Mescheryakov, and Khre- 
nina. L43 The mean-grain spacing of He 3 particles is not appre¬ 
ciably different from that observed in the tracks of He 4 particles 
of comparable energy. 

C omparatively few data have been reported on the track 
characteristics of particles intermediate in mass between He 4 
and the fission fragments. The tracks of high-energy carbon 
nuclei accelerated to 96 Mev have been studied by Tobias and 
Segre. 114 The tracks of Li s fragments are occasionally observed 
in cosmic-ray stars. More often these disruptions exhibit tracks 
of higher density designated as heavy splinters. In a rare event 
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reproduced in Fig. 57 all the ejected particles are massive. Y18 
Track A exhibits a feature characteristic of fission fragments in 
that the grain spacing increases as the particle slows down, sug¬ 
gesting a rapid loss of charge towards the end of its range. 

The grain density along splinter tracks is rarely a true measure 
of the ionization, as the standard development renders the tracks 



Fig. 57. Nuclear disruption with emission of heavy charged particles. 
Eastman NTA emulsion 100 microns thick exposed in the stratosphere, 
developed by Method III. All the tracks terminate in the emulsion and 
have a higher grain density than low-energy alpha-particle tracks. 

The alpha tracks in the insert were recorded in the same plate from a 
polonium infection center (see p. 4). 


of alpha particles very nearly continuous. Better differentiation 
can be secured by the use of less sensitive emulsions, or by giving 
the emulsion a weaker development. Stevens sr,0a has demon¬ 
strated that by means of low-energy para-aminophenol devel¬ 
opers fission tracks can be recorded selectively even in emulsions 
that are electron sensitive when developed by the more energetic 
elon-hydroquinone reducing agents. 

Freier and coworkers F_>1 describe tracks exhibiting exception¬ 
ally heavy ionization which they attribute to primary cosmic-ray 
particles. These tracks are characterized by a solid pencil of 
developed silver surrounded by a halo of individual grains from 




tracks of heavy ioxizixc. particles 


28/ 


secondary electrons. 1 lie enormous ionizing power of these 
heavy particles as compared with low-energy alpha particles is 


20 30 

Microns 


Ho. 58 Track of a heavy cosmic-ray primary A compared with trail 
p!'" °, °"" rno, '?y alpha particles Ii recorded in the same plate. life 
andTv T m f? thi,k PX ‘ ,osf ' d in ‘he stratosphere at 10-1.000 

■mi of' r Klada,ion - Tni(k 1 entered the camera at 

U h' M an< ,:<) i follo ' vpd through a series of three plate san 
Mthes without any appreciable loss in ionizing power after traversing me 

than 1 cm ol glass and emulsion. 


exhi.iited clearly in Fig. 58. The plate received grain-gradation 

elipinent (p. 62j in order to increase its differentiating 
power. 11 * ^ 
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PHOTOGRAPHIC DETECTION OF FAST NEUTRONS 

The observation of proton recoils in emulsions has been applied 
foi man} yea is in the detection of fast neutrons among the prod¬ 
ucts of nuclear reactions. In one of the earliest applications of 
the method Richards and Hudspeth R4a showed that low-energy 
neutrons were emitted during the bombardment of deuterium 
with deuterons by observing the knock-on proton tracks. Geo¬ 
metric considerations pertinent to the evaluation of the energy 
of the incident neutrons from the recorded range of the proton 
recoils are described by Richards. 113 The method has also been 
studied by Livesey and Wilkinson L53 and by Gibson and Live- 
sey. Gllrt Their reports provide further details on the measure¬ 
ment of stopping power and emphasize the importance of the 
residual moisture in the emulsion on the lengths of proton- and 
a 1 p h a -part i c 1 e t rac ks. 

The proton-recoil method of neutron detection has been ap¬ 
plied by Cheka rl2 in the health monitoring of personnel work¬ 
ing about cyclotrons and atomic piles. In a description of the 
special film packs Morgan M3 ° states that the tolerance level to 
neutrons is represented by an accumulation of 10 4 proton tracks 
per cm 2 at the end of a 2-week exposure period. Studies of the 
method by Morgan and Cheka M2 ° show that the latent proton 
image is also subject to fading on delayed development. More 
recent investigations by Cheka C12a indicate that partially faded 
latent images can be developed into recognizable proton tracks 
by employing fresh developer and extending the normal time of 
development. 

When boron-loaded plates are exposed to fast neutrons Tay¬ 
lor T7 observed Ill-branched stars whose origin is attributable to 
the following reaction: 

B 10 + n 1 -> He 4 + He 4 + H 3 

This recording mechanism has been studied by Lattes and Occhi- 
alini L13 as a means of estimating the energy and momentum of 
fast neutrons in the cosmic radiation. In a monitoring experi¬ 
ment they exposed boron-loaded plates to 13.4-Mev neutrons. 
Microscopic examination revealed many Ill-particle disintegra¬ 
tions. Grain counts showed that two of the tracks were produced 
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by alpha particles of 7.4 and 1.4 Mev, and the third by a 5-Mev 
triton. The total energy of the disintegration of 13.8 ± 0.5 Mev 
is in close agreement with the energy of the incident neutrons. 

In identical plates exposed to cosmic radiation at 2800 meters’ 
elevation Lattes and Occhialini observed a number of Ill- 
branched stars with individual tracks oriented in the same form 
as those on the neutron-irradiated control emulsions, differing 
only in a greater range. These investigations indicate that neu¬ 
tron energies up to 50 Mev can he evaluated from recorded alpha- 
and triton-track lengths, and that by using thicker emulsions 
neutron energies up to 100 Mev may he measured. The proton 
recoil tracks produced by neutrons of this energy would exceed 
10 mm in length. Tracks of this magnitude can he recorded in 
nuclear emulsions only under a very limited near-grazing angle 
of incidence. 

High neutron fluxes can be measured with the aid of uranium- 
loaded plates. The number of fission tracks serves as a measure 
of neutron capture. Lark-Horovitz and Miller I - 2n have exposed 
uranium-loaded emulsions at 30-km altitude and recorded fission 
tracks initiated by cosmic-ray neutrons. More recently, Froman, 
Rosen, and Rossi F1<1 have made quantitative estimates of neutron 
abundance at altitudes above 10 km. Eastman fission plates 
were exposed during 5-hour airplane flights against metallic foils 
of U 236 weighing 1 mg per cm 2 . The population of fission tracks 
corresponds to a neutron flux of 20 particles per cm 2 per min. 
When the exposures were conducted under paraffin the rate was 
augmented to 130 slow neutrons per cm 2 per min. 


SLOW-NEUTRON REACTIONS 

When fast neutrons are slowed down by elastic collision with 

light nuclei (hydrogen or carbon I they can be captured readily 

by atoms of N 14 , B H> , or Li®. The compound nucleus is unstable, 

and its rupture is attended by the formation of densely ioniz¬ 
ing particles: 

(a) N h + n i _ H i + c u 

^ B 10 + n' -> Li 7 + He 4 

W Li 8 + n 1 -» H 3 + He 4 
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These nuclear reactions are utilized in the detection of slow neu¬ 
trons as the tracks of the ionizing particles are readily identified 
in nuclear emulsions. 

In irradiating plates with slow neutrons short proton tracks of 
about 6.8 microns’ length originate from the N 14 (n, p)C 14 reac¬ 
tion with nitrogen atoms of the gelatin. The cross section for 
this reaction is low, but the number of N 14 nuclei can be aug¬ 
mented by loading the emulsion from sodium azide (NaN 3 ) solu¬ 
tions. This technique has been employed by Cuer C33c in a study 
of the range distribution of the low-energy protons. Ciier ob¬ 
served a peak range at 0.985 air-cm, in excellent agreement with 
recent cloud-chamber measurements by Cornog, 037 who reports 
1.00 air-cm, and Boggild,"** who finds the mean range of the H 1 

particle to be 1.00 air-cm and that of the accompanying C 14 re- 
coil 0.03 air-cm. 


A\ lion the emulsion is loaded with lithium compounds slow 
neutrons produce characteristic tracks about 40 microns long 
composed of oppositely directed triton- and alpha-particle tra¬ 
jectories. The YA {t {n, cc )H 3 reaction has been investigated by 
Bureham and Goldhaber,® 47 Taylor and Dabholkar, Tn and 
Demers. I)!) For a given flux of slow neutrons Shapiro and 
Barnes s “ 3 " report that the track population from this reaction 
is about 150 times more abundant than the proton tracks origi¬ 
nating from interaction with N 14 nuclei. 

Emulsions loaded with boron compounds record short tracks 
from the B 10 (n, a)Li 7 reaction. The alpha particle carries the 
bulk of the energy and records a track about 7 microns long. 
Although these tracks are not as distinctive as those produced in 
lithium-loaded plates the mechanism is favored by the large 
cross section of the boron slow-neutron reaction. The individual 
advantages of the Li 6 and the B 10 slow-neutron capture processes 
can be combined by loading the emulsion from a solution of 
lithium borate. This compound is readily soluble in water, and 
greater concentrations of borate ion can be introduced than are 
possible by the use of sodium tetraborate. The loading bath is 
prepared as follows: 


Dissolve 60 g of boric acid crystals in 300 ml of hot water and slowly 
add about 19 g of lithium carbonate until in slight excess. Cool, filter, and 
dilute to 400 ml. The resultant solution contains about 10 per cent lith¬ 
ium borate. After a 15-min loading period a 30-micron Eastman NT A 
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plate picks up about 0.24 mg of LBB 4 O 7 per cm 2 . When loading thicker 
emulsions about 5 per cent glycerine should be added to the bath to avoid 
peeling of the emulsion during the last stages of drying. The loaded 
plates are developed by method I. 

The loaded emulsion contains about 320 X 10 1! * atoms of X 11 . 
25 X lO 1 ” atoms of B 1(> , and 5.3 X 10 ,!) atoms of Li' : per ml. 
However, owing to the exceptionally small cross section of X 14 
for slow-neutron capture, tracks from the interaction with boron 
or lithium nuclei predominate. A microscopic field from a lith¬ 
ium borate-loaded emulsion exposed to slow neutrons is exhibited 
in Fig. 59. At higher magnifications tracks favorably oriented in 



Fig. 59. Microscopic field from a slow-nouf ron-bombarded emulsion loaded 
" i,l ‘ lithium borate. The short tracks represent alpha trajectories from 
t \q capture by nuclei. The long tracks are collinear trajectories of the 
111,011 1,11,1 u| pha particle resulting from the splitting of the (I.D-f n) com¬ 
pound nucleus. 

the plane of the emulsion show differential grain densities in the 

collinear triton- and alpha-particle components, as indicated in 
Fig. 56, p. 283. 

COSMIC RADIATION 

The cosmic ray group at the University of Bristol, led by Powell, 
has found a brand-new meson, or maybe two of them. The Bristol 
experiments are simple, powerful , and elegant. They use no com- 
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plicated series of coincidence circuits, no microsecond timing cir¬ 
cuits, no magnets. They employ a photographic plate, a micro¬ 
scope, and plenty of insight, patience, and skill, always the best of 
apparatus. —P. Morrison, 1948 


Introduction. The cosmic radiation directed towards this 
planet is of low intensity equal to about 20 primary particles per 
cm 2 per min at the top of the atmosphere. The charged primary 
particles, believed to be protons with energies in excess of 7000 
Alev, interact with the atoms of the atmosphere producing posi¬ 
tive and negative electrons, mesons, protons, neutrons, alpha 
particles, and gamma radiation. These secondaries reach a maxi¬ 
mum intensity at an elevation of about 10 miles above sea level. 
The total ionization diminishes rapidly towards sea level as a 
result of absorption or capture. Among the latter reactions 
Libby L32 has suggested that the neutrons are captured by nitro¬ 
gen with the formation of C 14 , evidence of which has been secured 
by von Crosse, vo who demonstrated the accumulation of the long- 
lived radiocarbon in methane of biological origin. 

At sea level about 1 cosmic-ray particle crosses a horizontal 
square centimeter per minute in the ratio of 3 mesons to 1 elec¬ 
tron. Mesons have been detected in mines at a depth of about 1 
mile, indicating that an appreciable fraction of these particles 
possess energies of the order of 10 <J Alev. Unlike the penetrating 
mesons, the electrons and their accompanying gamma radiation 
are easily absorbed and are referred to collectively as the soft 
component of the cosmic radiation. The radiation is studied by 
the ionization produced by the charged components, the nuclear 
emulsion being a particularly effective recording device because 
of its ability to integrate the rarer type of phenomena associated 
with the generally feeble flux of cosmic radiation. 


Excellent summaries on special phase's of cosmic radiation are available 
in a symposium published in the Reviews of Modern Physics, No. 3-4, 
1939. A review of more recent developments is edited by Heisenberg. 1427 
In this work, Bagge and Fliigge contribute sections on nuclear disruptions 
produced by cosmic radiation in photographic emulsions. Further appli¬ 
cations of the emulsion technique are described by Powell and Oochia- 
lini. 1 ’ 35 The applications of photographic emulsions in cosmic-ray research 
are also described in publications by Ortner, 03 Schopper, s7 * 8,9 Sha¬ 
piro, 822 ’ 23 Lovera, L39 * 40 Brunetti and 011ano, R4G Morrison, M4 ° Feld, F1 ° 

and Janossv4 8 
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In 1937 Blau and Wambacher B25 exposed a series of Ilford 
Halftone plates on Mt. Hafelekar at Innsbruck (2800 meters’ ele¬ 
vation) for a period of 4 months and observed a total of 31 multi- 
branched stars whose component tracks represented an energy 
evolution in excess of 160 Mev. The formation of these cosmic- 
ray stars was confirmed by Schopper 810 Wilkins,' W23 and Filip¬ 
pov, Gurevich, and Zhdanov. F8 Plates exposed at high altitudes 
also record long individual tracks indicative of charged particles 
with ranges equivalent to several meters of air. These unusually 
long trajectories have been reported by Wilkins" 17,20,21 and by 
Rumbaugh and Locher 1114 in plates exposed during stratosphere 
balloon ascents and have also been observed by Inai 12 and 
Forster Fn in plates exposed during airplane flights. In strato¬ 
sphere exposures Freier and coworkers F21 report densely ionizing 
tracks indicative of heavy nuclei of atomic number up to 40 with 
kinetic energies of about 500 Mev per nucleon as components of 
the primary cosmic radiation. 

Owing to pronounced fading effects in low-concentration silver bromide 
emulsions exposed for long periods under variable conditions of tempera¬ 
ture and humidity it is not possible to evaluate the significance of the 
recorded track populations in the older work or to place much credence on 
the identity ot the particles deduced from grain counts. Most of the 
tracks observed in the early-type nuclear emulsions were attributed to 
protons, but it is probable that more densely ionizing particles escaped 
recognition because of partial fading of the track structures. 

This fading is indicated by the results reported by Schopper 810 on the 
events recorded in Agfa K plates which were developed shortly after sev¬ 
eral hours’ exposure in the stratosphere. Under these favorable conditions 
for latent-image retention the recorded cosmic-ray stars contained tracks 
attributable to alpha particles. In contrast, similiar plates exposed for 
several months by Wambacherexhibited stars whose component tracks 
"°re attributed invariably to protons. Studies by Shapiro 8 ^3 G n the fre¬ 
quency of proton- and alpha-particle tracks in cosmic-ray stars show that 
more than 90 per cent of the tracks are produced by protons, the rest being 
Probably formed by alpha particles with energies less than 9 Mev. In the 
more complex stars Perkins 1>10 estimates that 25 per cent of the tracks are 
produced by alpha particles. 

Under conditions of low humidity the latent image persists for several 
weeks, particularly in the emulsions of high silver bromide concentration. 
In the absence of marked fading, the grain densities in the component 
tracks of cosnne-ray stars may be compared with those in tracks produced 
by P artic les of known identity and energy. Cosmic-ray events recorded 
in the modern nuclear-type emulsions exhibit tracks attributable to pro¬ 
tons, alpha particles, and more densely ionizing fragments. Long tracks 



202 




Fn;. GO. Trajectories of light ionizing part ides. 

A. Track observed in an XTA plate expose*! a I 1550 meters. Its mean 
main sparing of 1.5 microns together with tin' degree ot scatter suggests tlx* 
trajectory of a /hiksod, In the sanir emul>ion protons ot equal rang*' pio- 
duce tracks with a mean grain spacing ot 1.1 microns. 

B. A dual event I -"’ n record('(l in an emulsion at sea level during an expel i- 
mental alpha-particle exposure. The long track has a mean grain spacing <>t 










COSMIC RADIATION 


293 


of lower grain density than that found in the tracks of protons and which 
exhibit frequent scattering have been attributed to mesons. Tracks of this 
character have been reported by Filippov, F8 Bose, B34 * 36a Perkins, 1 ’ 18 and 
Lattes, Occhialini, and Powell. 1 ' 15 * 10 

On the basis of the small-angle scatter along the trajectory Bose and 
Choudhuri B35 » 36 have estimated the mass of these particles to reside be¬ 
tween 217 and 336 electron masses. Perkins 1 ’ 18 was the first investigator 
to report and correctly interpret a cosmic-ray star showing the track of 
an entering meson particle. This process has since been observed by sev¬ 
eral other investigators, and Baltimore L46 deduced a mean mass of these 
star-begetting mesons of 290 it 80 m e . Meson tracks exhibiting a large- 
angle scatter have been interpreted by Bhabha and Daniel I5r ’- as possibly 
originating from the decay of the particle while in motion into a lighter 
particle and a neutral meson. 


The extensive investigations of Powell and bis coworkers on 
the tracks of light singly charged particles may be summarized by 
the following descriptive classification of meson tracks as ob¬ 
served in nuclear emulsions: 

(а) Tracks differentiated from more densely ionizing particles 
by grain density and degree of Coulomb scatter which come to 
rest in the emulsion without any observable disintegration prod¬ 
ucts are designated as those produced by p-mesons. An example 
of this type of trajectory is shown in Fig. 60.4. When the track 
is observed under conditions of high resolution the terminal por¬ 
tion exhibits a pronounced increase in grain density. 

(б) Certain meson particles which stop in the emulsion pro¬ 
duce a star with a multiplicity of from I to V branches. The 
ionizing particles producing these evaporations are negatively 
charged, have a mass of about 300 m ey and are designated 
o-mesons (star-producing). 

(c) A small number of meson tracks produce, at the end of 
their range, a second track of lower grain density than the parent 
particle. These events have been interpreted as originating from 
the spontaneous decay of a heavy 7r-meson into a lighter fx- meson. 
In order to conserve momentum a third neutral particle termed a 


1.6 microns and was probably produced by a meson particle. The other 
member, also terminating in the emulsion layer, has a mean grain spacing 
of 0.6 micron and is identifiable with the trajectory of a 13-Mev alpha 
particle. The short tracks from the experimental exposure reside in the 

upper plane of the emulsion and do not interfere with grain counting with 
an oil-immersion objective. 
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neutretto is probably emitted 
in the process which has a 
mass of ~ 100 m c . On the 
basis of grain counts in the 
tracks of rr.fj. events the mass 
ratio of the two charged mes¬ 
ons has been estimated at 
~ 1-65 d= 0.11 m e . A tt-m de¬ 
cay process recorded in an 
Kastman XT A plate is repro¬ 
duced in Fig. 61. In these 
processes whenever the track 
of tlie /'-meson terminates in 
the emulsion the particle ap¬ 
pears to have a constant range 
of 014 d= <S microns. On the 
basis of a mass of 200 //?,. the 
.average kinetic energy of the 
/'-meson is 4.09 d= 0.04 Mcv. 
On this assumption the mass 
of the parent w-meson i s 330 
in r , and that of the unrecorded 
neutral meson is computed at 
about 115 m c . 

(V/) In certain nuclear 
evaporations a meson particle 
is ejected together with the 
proton and alpha particles. 
These processes are compara¬ 
tively rare. In a study of 


Fic;. 61. Tracks of a ? r-n meson in¬ 
teraction. Event recorded in an 
Eastman XTA emulsion exposed 
in the stratosphere. The plate was 
preeradicated by H.,0 2 vapor. 
The short background track (<d 
is serviceable in comparing rela¬ 
tive grain densities. Dark-field 


mosaic 
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1600 stars reported by Lattes LU only two events were observed 
exhibiting the track of an ejected meson. The process is prob¬ 
ably somewhat more common than these statistics would indicate 
as the initial grain density of a meson track is low and that por¬ 
tion cannot be differentiated from that of a fast proton. Unless 
the track of the meson particle terminates in the emulsion it is 
likely to escape recognition. A process involving the ejection of 



Fkj. 62. Nuclear evaporation with asymmetric distribution of light and 
densely ionizing particles. Recorded in a preeradicated Eastman NTA plate 
exposed at high altitude and developed by Van dor Clinton's method. 


a meson, recorded in an Eastman NTA emulsion exposed at sea 
level, is exhibited in Fig. 60/L 

Nuclear Evaporation Processes. The tracks constituting a 
cosmic-ray star or nuclear evaporation are in general distributed 
spatially in about equal abundance in all directions from the 
common center. The events are attributed to an intense thermal 
excitation of a nucleus in the emulsion layer in which either all 
or a limited number of the nuclcids receive sufficient energy to 
penetrate the potential barrier. The energy for this evaporation 
process originates from the mass conversion of the captured 
cosmic-ray particle or photon. The stars produced by <r-meson 
capture are relatively simple, and the complex cosmic-ray stars 
oi 15 or more tracks cannot be attributed to this process. Per¬ 
kins 1 has suggested that the more complex nuclear evapora¬ 
tions may be due to inelastic scattering of very fast cosmic-rav 
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paitides with energies in the relativistic region where the cross 
section lor scattering on nucleons becomes large. 

Perkins has observed, in a statistical analysis of the angu- 
lai disti ibution ol the tracks ejected in the disruptions of heavy 
nuclei, that the proton tracks are spherically symmetrical but 
that the alpha particles show a directional trend. The tracks of 
the alpha particles appear to be oriented in a direction opposite 
to that ol the recoil Iragment from the initial partial evaporation. 
A star exhibiting marked directional orientation of the densely 
and lightly ionizing fragments is exhibited in Fig. 62. 

Since the emulsion records the tracks of charged particles only 
over a limited energy range, the star is an incomplete picture of 
the evaporation process devoid of the trajectories of neutral par¬ 
ticles or very fast singly charged particles.* In some of the 
simpler evaporation processes the number of tracks and their 
charge appear to be consistent with a complete disruption of the 
lighter nuclei it it is assumed that the number of neutrons accom¬ 
panying the process is equal to the number of proton particles: 


( '\2 , 
r»t- i 

6>C 12 + *- 

7 X 14 -j- <7 0 
8 () n ’ + <R) 


2 He 4 ~U 4 1 11 1 T- 4 qW 1 
2 He 4 T 1 II'* + 2 1 II 1 -f* 3 o^ 1 
2 He 4 5 1 H 1 -f- 5 oAi 1 
4 2 He 4 


An evaporation attributed ^ ,(J to a X ,4 -f-<ro reaction is described in 
I ig. 63. In general it is not possible to make a unique identification of tlie 
target nucleus as the recorded number of tracks mav have boiled off from 
a heavier atom, such as silver, bromine or iodine, with the production of a 
residual nucleus of intermediate mass. Short tracks of very high grain 
density which may represent the trajectory of the residual heavy particle 
are often observed. With sufficient excitation a heavy nucleus, as for 
example Agjy 107 , might conceivably yield a star with 47 proton tracks. 
In the greater proportion of evaporations the evidence recorded in the 
emulsion indicates a less complete breakdown into about 10 to 20 ionizing 
particles. Examples of complex but incomplete evaporations are shown 
in Figs. 62 and 69. Leprinee-Ringuet and coworkers 1 - 47 have described 

* The Eastman XTA emulsion records the tracks of alpha particles up 

to 200 Mov. The tracks of protons with energies exceeding 20 Mev and 

those of deuterons exceeding 40 Mev have a grain density too low tor 

• • 

microscopic differentiation from tlie fog background. The more sensitive 
NTH emulsion is suitable for recording alpha particles up to 400 Mev. 
protons to 50 Mev, deuterons to 100 Mev. mesons to 5 Mev, and also for 
recording the tracks of electrons with energies less than 0.05 Alev. 
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a star, reproduced in Fig. 64, consisting of 34 tracks which they attribute 
to the complete disintegration of a silver atom. All the trajectories could 
not be identified either because they leave the emulsion before terminat¬ 
ing their range or because they have unfavorable angles of incidence for 
grain counting. Of the measurable tracks 17 were identified as protons, 
4 as alpha, and 1 as a triton trajectory. 



Fio. 63. Cosmic-ray star. In this event one alpha particle and five proton 
tracks are recorded. If five neutrons were also ejected, the star is consistent 
with the nuclear evaporation of a X 14 atom into lHe 4 -f 5H l -f-5/d. The 
total kinetic energy of the fragments is 74 Mev, and, since the binding 
energy ot N 14 is 76 Mev, the event is consistent with the annihilation of an 

incident meson ol about 300 electron masses. 

Another type ot complex star has been described in the work of 
Zhdanov 553 » 0 in which the tracks originating from a common center are 
confined to a narrow solid angle with a pronounced unilateral direction. 
Zhdanov, Perfilov, and Deisenrod zr > have described two such events, des¬ 
ignated as proton showers, comprised of 20 and 50 tracks. 

Hie (‘mission of a novel type of particle in nuclear evaporations has been 
observed by Tamburino™ in which a short track of high grain density 
divides at its termination into two tracks of lower grain density. These 
events have since been observed by other investigators and the bifurcations 




298 


m c jj:ak physics studies 








COSMIC RADIATION 


299 


designated as “hammer t racks." I,;tr » I'ranzinet! i and Payne 1 ' 20 have made 
a statistical analysis of 28 example's of (his process and conclude that the 
heavy track is that of a Li 8 fragment which decays into 2 alpha particles. 
In 13 of tlie stars the hammer track is accompanied by an alpha particle 



Microns 


Fig. 65. Nuclear evaporation exhibiting “hammer track” of a Li 8 fragment. 


and a proton trajectory which suggests the disintegration of a C 12 nucleus 
by a fast neutron: 


C>2 _p n i _> Lj* + Tie* + H 1 


It 


T P “T IHMUrinO 

A nuclear evaporation exhibiting the track of a Li* fragment is shown in 
Fig. 65. 
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The hammer tracks of Li* particles arc also recorded when 
boron-loaded emulsions are exposed to fast neutrons. Pickup P42 
attiibutes their formation to the following nuclear reaction: 


B + n 1 -» Li 8 + He 4 

This mechanism provides another valuable index for detecting 
fast neutrons and evaluating their energy from the comparatively 
short ranges of the disintegration products. In an exposure of 
lithium borate-loaded plates to cosmic radiation in the strato¬ 
sphere, among a total of 387 disruptions two events were ob- 
served attributable to a (B 11 , r? 1 ) capture process. Y18 

Binary Evaporations. Lattes, Occhialini, and Powell L16 * ola 
describe a very rare type of nuclear evaporation process in which 
a meson ejected from one star engenders a second multiple disin¬ 
tegration at the end of its range. A similar double star in which 
the track of the initial o-meson is also recorded has been observed 
by Leprinee-Ringuet (see Fig. 66). This binary-star phenome¬ 
non, suggestive of a meson chain reaction, may have an appreci¬ 
able rate of occurrence if it is assumed that the meson ejected in 
the primary evaporation is uncharged and leaves no track be¬ 
tween two neighboring nuclear evaporations. 

In a statistical study of the distribution of 2250 stars in plates 
exposed at a 3600-meter elevation Leprinee-Ringuet and Heid- 
mann 148 find that 88 stars reside in close proximity, with dis¬ 
tances ol only 50 to 250 microns between centers. These obser¬ 
vations are in marked excess over the number of coincidences to 
be anticipated from a random distribution of unrelated single 
stars. The same conclusions are drawn by Li and Perkins, L49 
who encountered 47 closely adjacent stars among a total of 1230 
recorded evaporations. 

Leprinee-Ringuet and Heidmann suggest that one of the stars 
of the pair has produced the other through the medium of an 
“asterogen particle” which does not leave a track in the emulsion. 
The ejected intermediary may be a neutron, a neutral meson, 
photon, electron, very fast protons or mesons, or possibly some 
as yet unidentified particle. 

Evaporations in the Glass Backing. The cosmic-rav-induced 
nuclear evaporations, evidence of which is recorded vividly in 
the emulsion layer, occur in all matter exposed to the radiation. 
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Fragmentary evidence of the process has been observed in cloud 
chamber photographs in which several tracks leading to a com 
mon center emerge from one of the lead plates or the metallic 
walls ot the chamber. The identical phenomenon can be ob¬ 
served in nuclear emulsions when an atom in the glass backing 



Microns 


Fin. 07. Track cluster from a nuclear evaporation originating in the glass 
backing. The lines of extension of the four tracks meet at a common center 
m of the horizontal projection. With the aid of this point, the 

spatial depth of the common origin can he computed from the obliquity 
ot the tracks. In this particular event the disintegration occurred 35.3 ± 0.5 

microns he low the glass-emulsion interface 


is disrupted and several of the evaporated 

into the emulsion laver. 

% 


fragments are directed 


I hese partially recorded cosmic-ray stars can he differentiated from ran¬ 
dom tracks and from similarly oriented track clusters originating from 
radioactive impurities in the glass hacking by the following considerations: 

1. All the members of the event start at the glass-emulsion interface 
and are oriented so that the extensions of the tracks meet at a common 
(•(‘liter. 


2. At least one of the trae 
exclude conically grouped ti 
or radiothorium present in 


ks must he longer than 50 microns in order to 
arks originating from series decay of radium 
the glass (see p. 152). The differentiation is 
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otten facilitated by the observation of one or more tracks with a grain 
density or with scatter characteristic of proton trajectories. 


An event indicative of the evaporation of a nucleus in the glass 
is reproduced in Fig. 67. The observation of cosmic stars with 
origins in the glass is of interest in conjunction with statistics on 
binary evaporations, as adjoining stars with centers in the two 
media may be related by a common asterogen particle. Alterna¬ 
tively, by exposing the emulsion against metallic foils, the num¬ 
ber of track clusters originating from the metal may serve as a 
measure of the evaporation cross section for nuclei of known 
identity. Y17 


Table 

30. FiiEqUENCY OF (' 

osmic-Uay 

Disruptions a 

T I )l 1'IKRKNT 


A 

lLTITCDES * 





(leo- 

Stars, 


Altitude, 


magnet ie 

ml per 

Investiga¬ 

meters 

Loealit v 

Latitude 

dav 

V' 

tion 

Sea level 

Rethesda, Maryland 

50° X 

0.6 

Yagoda ' 18 

Sea level 

London, England 

54° X 

1 .2 

Perkins Pl7 

Sea level 

Lima, Peru 

1°S 

0. 1 

Yagoda V18 

670 

Interlaken 

48° X 

2.0 

Perkins I>17 

1,300 

Wengen 

48° X 

2.9 

Perkins 1>l7 

2.300 

Eigergletscher 

48° X 

4.5 

Perkins p17 

3,500 

Testa Grigia, Italy 

48° X 

15.3 

Bernardini 1,08 

3.500 

(’limax, Colorado 

X 

o 

OC 

14 

Yagoda vls 

3.600 

Jungfraujoch 

48° X 

11 

Perkins IM7 

3.650 

Chamonix 

48° X 

9 

Li 

4,500 

Vallot 

48° X 

19 

Perkins 1 ' 17 

4.530 

Moroeocha, Peru 

1°S 

3 

Yagoda vl8 

5,500 

La Oroya, Peru 

1°S 

16.5 

Perkins 1 ’ 17 

18,300 

Stratosphere above 



27,6001 

Illinois, U.S.A. 

55° X 

6.000 

Sehein 852 

Stratosphere above 


1 .500 

Yagoda YI8 

30,600 J 

Minnesota, U.S.A. 


2.000 

Salant 853 


1 In* tabulation includes only those investigations employing concentrated 
nuclear emulsions. The data of the earlier investigators are low owing to pro¬ 
nounced fading effects in emulsions of high gelatin content. Thus, Stetter 
and \\ ambacher observed populations of 1.4 and 2.9 stars per cc per day 

at altitudes of 2000 and 3400 meters in plates exposed at 48° N geomagnetic 
latitude. 


Variation with Altitude. The population of cosmic-ray emul¬ 
sion stars in plates exposed at different altitudes is summarized 
in Table 30. The data are not entirely comparable owing to the 
variation in sensitivity, thickness, and the duration of exposure 
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Of the emulsions employed by different investigators. Also the 
sea-lmel and high-altitude exposures were seldom compared at 
the -ame station, and, in view of the dependence of cosmic-ray 
intensities on geomagnetic latitude, a similar variation can be 
anticipated for the population of nuclear evaporations. In gen¬ 
eral, however, the data in Table 30 show that the number of 
stais per unit volume increases rapidly with elevation and that 

m the stratosphere an appreciable population is recorded after 
only a few hours exposure.* 

As suggested by Kupferberg another variable is introduced 
)> the \ ai lation in height of the mam meson-production region 
vi h geographic latitude and seasonal temperature. If, as is 
commonly assumed, the primary meson generation takes place in 
he first 100-millibar segment of the atmosphere, a change in alti¬ 
tude of this layer will in turn cause a change in the meson inten¬ 
sity as observed in a recording device situated at a lower fixed 
depth. Data of greater consistency can probably be obtained 
following a suggestion by Alley^ by exposing plates in captive 
balloons at different altitudes instead of on accessible but ran- 
domly situated mountain tops. 

Exposures conducted by Bernardini I$r>8 at the Testa Grigia 
cosmic-ray station indicate the existence of an appreciable multi¬ 
plicative effect when the plates arc stored under 2 cm of lead, 

followed by a diminution in star population with greater thick¬ 
nesses of lead absorber: 


Cm of Pb 0 

Stars/ml/day 15.3 


1 18.0 ±0.9 13.1 


9 13 

± 1.15 9.7 db 1 


I lie dunged primary components of the cosmic radiation are de¬ 
flected by the earths magnetic field. This deflection results in a smaller 
flux ot secondaries in regions near the equator as compared with areas 
closer to the magnetic poles. At sea level the rate of ionization increases 
bv about 10 per cent between the geomagnetic equator and 50° N geo¬ 
magnetic latitude. The effect is more pronounced at higher elevations, 
and at 4360 meters the geomagnetic effect is about 33 per cent. 

The geomagnetic latitude \ corresponding to a location of geographic 
latitude L and longitude o> (measured west of Greenwich, England) can be 
computed from the relationship: 


sin X = cos ^ cos (o> — <t>) cos L + sin ^ sin L 

In this expression 1 / = 78° 32' N and <t> = 69° 8' \V are the coordinates of the 
geomagnetic south pole. 
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Carnerini and coworkers < 4 ° have likewise observed that the 
number of p- and a -meson tracks are augmented by surrounding 
the plates with 5 cm of lead. 

Table 31. Multiplicity of Cosmic-Ray Stars 


Locality: 

Austria Testa (irigia 

Italy 

Minnesot 

Elevation , km: 

2.3 

3.5 

18-22 

^27 

I nvestigation: Wambaclu 

t" 5 " Bernar 

•dini B58 

Yagoda^ 

Total cosmic 





star count: 

109 

523 

443 

327 

Multiplicity 


Percentage 

Abundance 


III 

/ 

35.8 

38.6 

38.6 

27.6 

IV 

32. 1 

28.0 

22.6 

24.8 

V 

15.6 

14.9 

13.8 

10.7 

VI 

4.6 

7.1 

9.0 

8.9 

VII 

3.7 

2.9 

1.1 

4.9 

VIII 

3.7 

2.3 

4.7 

6.4 

IX 

1 .8 

1.5 

6.8 

5.2 

X 

0 

1.1 

1.1 

2.5 

XI 

0.9 

1 .0 

1.0 

1.8 

XII 

0.9 

1.0 

0 

1.5 

XIII 

0 

0.6 

0 

0.3 

XIV 

0.9 

0.2 

1.1 

0.9 

XV 

0 

0.2 

0 

0.9 

XVI 

0 

0.6 

0 

1 .8 

XVII 

0 

0 

0 

0.6 

XVIII 

0 

0 

0 

0 

XIX 

0 

0 

0 

0.6 

XX 

0 

0 

0 

0.3 

XXI 

0 

0 

0 

0 

XXII 

0 

0 

0 

0 

XXIII 

0 

0 

0 

0 

XXIV 

0 

0 

0 

0 

XXV 

0 

0 

0 

0.3 

Multiplicity of 

• . • 

Cosmic 

Stars. The re 

lative multiplicity of 


-*. . ca|jusuu at oinerent altitudes is 

compared in Table 31. In tlie mountain top exposures over 90 

per cent of the stars consist of III to VII tracks of ionizing par¬ 
ticles. A\ ith increasing altitude stars of greater complexity be¬ 
come more frequent and those of multiplicity VIII and higher 
constitute about 20 per cent of the total population. As a first 
approximation, the star frequency P s is related to the multiplicity 
.1/ by P a = Ae-* 1 in which A is a constant for a given altitude. 
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Tins relationship is not applicable when .1/ is unity, and it also 
predicts a greater abundance of II-branched events than is com¬ 
monly observed. The exponential relationship does fit the ob¬ 
served data for multiplicities residing between III and XII. 

Single Trajectories. The long single tracks of cosmic-rav origin 
greatly outnumber the star population. In exposures not influ¬ 
enced by fading effects the ratio is approximately 100 tracks per 
star. A fraction of the single tracks originate from nuclear evap¬ 
orations occurring in matter adjoining the emulsion layer. Part 
ot the proton-track population may originate from collisions be¬ 
tween neutrons and hydrogen atoms in the sensitive layer. A 
very small fraction of the single trajectories are produced by 
meson particles. Perkins IM7 has observed the following ratio of 

cosmic-ray events in plates 100 microns thick exposed at sea 
level: 


Stars 

135 


Single Tracks p-Mesons <r-Mesons n -p Decay 
16.000 33 7 1 


Morand * M4 ' J has identified 200 single trajectories in plates ex¬ 
posed at sea level. On the basis of grain counts along the tracks 
the particles giving rise to the tracks occur in the following rela- 
tive proportions: 


Protons Tritons Alpha Particles Deuterons 

75 15 0 1 

Measurements by Forster Flla show that in emulsions exposed be¬ 
tween 30,000 ft and sea level the single trajectory count decreases 
exponentially by a factor e~ 0/llp in which the atmospheric pres¬ 
sure p is expressed in meters of water equivalent. 

Cosmic-Ray Camera. In a review of emulsion technique in 
cosmic-ray study Korff K23 comments that, since all events are 
integrated between manufacture and development, it is not pos¬ 
sible to ascribe an especially interesting event to a particular . 
experiment whose duration is a small fraction of the total age 
of the emulsion. The hydrogen peroxide method of latent-image 
eradication, p. 110, provides a convenient means for initiating 
exposures on a clean background. After drying the plates it is 
advantageous to reassemble the emulsions face to face as illus¬ 
trated in Fig. 68. This minimizes subsequent absorption of at¬ 
mospheric moisture and permits the follow-up of tracks of par¬ 
ticles that traversed both emulsion lavers. The radioactive-ink 
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lines drawn on one of the plates record autoradiographic images 
on the surface of its mate. These internal markings facilitate 
intercomparison of the position of events recorded in the two 
layers. The continuous registration of short-ranged alpha tracks 
also provides internal standards for gauging the extent of latent- 
image fading. 

Evaporations of high multiplicity have been reported by 
Evans, 1:10 Roy, 1 * 11 and Cuer C336 in plates exposed at sea level. 





Assembly of preeradicated plates for prolonged cosmic-ray ex¬ 
posures. 


fi. Uranium-ink line on lower emulsion (cross-sectional view); the ink. 
consisting of a 2 per cent solution of uranyl sulfate in equal volumes of alco¬ 
hol and water, must be completely dry before sandwiching the emulsions. 

b. Black-rubber-coated adhesive paper serving as a clamp. 

c. Layer ol paraffined black paper to exclude light and moisture. 


A complex nuclear evaporation, Fig. G9, has been observed by 
Kaplan K4 in an emulsion exposed at 82 meters following the 
eradication of its prior background. In this instance the entire 
history of the exposure between resensitization and development 
" as known explicitly, and the 19-branch star cannot be attrib¬ 
uted to some earlier high-altitude exposure, as incurred in ship¬ 
ment of the plates to the laboratory. 


EVAPORATIONS PRODUCED BY ACCELERATED 

PARTICLES 

Helium atoms and deuterons can be accelerated to about 400 
and 200 Alev, energies approximating those of particles in the 



XrrLFAK PHYSICS STUDIES 



coMinc radiation. Cloud-chamber studios with particles accele- 

ln th 1 ° 1 , 84 - ,n - Bc,k( ' k '.v cyclotron show IY-pronged disinte- 
piatmns which probably represent (lie evaporation of 0 1 « atoms 



50 

Microns 


| (,J - C on,,,,,x n,,< ‘ ,( ' ar ‘'vapomtion recorded at sea level. Kastman XT A 
emulsion preeradicaled before exposure at Bethesda. Maryland. When ex¬ 
amined m lull depth the star eonsi>ts of 19 recorded tracks. Only 10 tracks 
ait ( ' id< nt at tin' particular local setting at which the photomicrograph 

was taken. 


into 1 alpha particles. Thornton and Powell' 1 ’ 13 have observed 
III-. I \ and \ -pr<mged stars in cloud-chamber exposures to 100- 
AI('\ neutions. I he>e induct'd disintegrations can also be stud¬ 
ied by exposing nuclear-type emulsions for about 0.01 sec to the 
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cyclotron beam, orienting the emulsion plane parallel with the 
line of direction of the accelerated particles. 

Fowler, Burrows, and Curry F1 - exposed Ilford plates to 9-Mev 
deuterons from the Liverpool cyclotron and observed numerous 
IV-branched stars which they attributed to the evaporation of 
nitrogen atoms: 

X 14 + LI 2 -> 4 He 4 + Q 



Fig. 70. Star initiated by a high-energy alpha particle. 


The arrow points 


to the direction of the incident beam of radiation, 
of E. Gardner, Radiation Laboratory, University 
supported by the Atomic Energy Commission 


Reproduced by courtesy 
of California, from work 
under contract W-7405- 


Eng-48. 


This reaction is exoergic, and the mass conversion is equivalent 
to 6.09 Mev. The energy of the 4 alpha particles, as estimated 
from the recorded track lengths, tallied between 13.2 and 14.3 
Mev. 1 he experimental summation is in good agreement with 
the energy ot the incident deuteron and the mass conversion, 
which may total 15 Alev. Two of the events observed by these 
investigators exhibit the path of the incident deuteron, whose 
track is readily differentiated from those of the ejected alpha 
particles by its lower grain density. 

The stars produced in emulsions by artificially accelerated 
particles have been studied extensively by Gardner. 01,2 In 
nuclear-type plates bombarded by high-energy deuterons, Gard¬ 
ner and Peterson have observed over 1200 stars with an aver- 
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a 8° multiplicity ol 3.0. Alpha-particle bombardment results in 
evaporations with a greater number of ejected charged particles. 
A \ -branched event representative of Gardner’s investigations is 
reproduced m Fig. 70. Horning 1134 has computed the excitation 
energy of nuclei for a given energy of the bombarding particle. 


I k;. 71. Double star with tlx 1 connecting track of a heavy charged particle. 
Event recorded in an Eastman XTK emulsion exposed to cosmic radiation 
in the* stratosphere. The range of the connecting track is too short to indi¬ 
cate the direction of the particle by variation in grain density. 


This can be employed as an approximate index to predict the 
number of particles that will be evaporated from the nucleus at 
each excitation level. For 35-Mev deuterons and 190-Mcv alpha 
particles an average multiplicity of 3.0 and 3.9 is anticipated, 
which is in approximate agreement with the average number of 
tracks per event observed by Gardner. 

The protons and alpha particles ejected from cosmic-ray dis¬ 
ruptions often possess sufficient energy to penetrate the nuclear 
barrier of light elements, and the more energetic particles may 
on rare occasions initiate a secondary disruption process. An 
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event which appears to be explicable on this basis is shown in 
Fig. 71. The track connecting the two stars exhibits no small- 
angle scatter and possesses too high a grain density to be the 
initial portion ot a o-meson. The dual disruption probably was 
caused by a heavy charged particle iH 1 . El 2 , or Tie 4 > emitted 

from one of the stars and captured by a constituent atom of the 
gelatin. 

THE ARTIFICIAL MESONS 


The measurements reported are admittedly preliminary , and much 
more work is to he done, but it seems certain that this marks the 
beginning of meson study under controllable laboratory conditions. 

1 he large intensities, approximately 10* times those available in 
cosmic rays, mean that the rate of progress in this field can be 
greatly accelerated .—Gardner and Lattes, 104S 

Until very recently cosmic radiation was the only avail¬ 
able source of meson particles. When the more powerful cyclo- 


Beam of 
380 mev 
a-particles 



Fig. 72. 


Stack of nuclear 
emulsions 

/ 

^Mesons 

Courtesy of /:. Gardner 

Experimental arrangement for track recording of cvclotron-pro 

duced meson particles. 


trons became available the theoreticians reasoned that sufficient 
energy was on hand in the interaction of 400-Mev alpha particles 
with nuclei for the creation of meson particles. Although the 
early work of Gardner and Peterson 03 demonstrated that these 
projectiles were effective agents in producing nuclear disruptions 
m the emulsion, it was not possible to identify the tracks of any 
accompanying ejected mesons. Cosmic-ray exposures demon- 
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strate that these occurrences are rare, and while the greater flux 
from the cyclotron would favor the process the extremely high 
background track population rendered the detection of the low 
grain density meson tracks very difficult. 



tion. 


This situation was overcome by an ingenious experimental 
arrangement, Fig. 72, which avoided the direct bombardment of 
the emulsion by the primary alpha-particle beam. In the experi¬ 
mental disposition of Gardner and Lattes G4a the beam of 380- 
Mov alpha particles was directed on a thin target within which 
mesons and other particles were generated. By means of a mag¬ 
netic field, the light negatively charged mesons were sorted out 
from the other particles and roughly focused on a stack of nuclear 
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emulsions. Microscopic examination of the plates revealed about 
50 meson tracks concentrated chiefly along the exposed edge with 
a scatter and grain density similar to those observed occasionally 
in emulsions exposed to cosmic radiation. Some of the meson 
tiacks on coming to rest in the emulsion produced a star, thereby 
eliminating all doubt as to the identity of the track. Examples 
of these processes, reproduced from the early plates of Gardner 
and Lattes, are exhibited in Figs. 73 and 74. 

1 he mass of these laboratory-created mesons, as determined 
by measurements of their .magnetic deflection and range in the 
emulsion, is 313 dt 16 m c which indicates that they are probably 
identical with the heavy mesons observed in cosmic-ray expo¬ 
sures. These mesons were produced in the bombardment of 
carbon, beryllium, copper, and uranium targets by 380-Mcv 
alpha particles. Reducing the energy of the incident projectiles 
to 300 Mev gave a greatly reduced yield of mesons from a bom¬ 
barded carbon target. 

By modifying the experimental arrangement for exposing the 
plates the Berkeley investigators have succeeded in the detection 
of positively charged mesons. 15 ™ The tracks of the positive 
mesons are identified by the registration of a second track pro¬ 
duced by the decay product of the primary particle. The nuclear 
death and transfiguration of the positive meson are depicted 
clearly by the variation in grain density of the dual tracks rc- 
pioduced in Pig. 75. Only about one-half of the positive mesons 
exhibit the track of the secondary particle, but the Berkeley in¬ 
vestigators are of the opinion that all primary positive mesons 
decay into secondary charged mesons. Instances where the sec¬ 
ond track is not observed are attributed to unfavorable angle for 
legislation in the emulsion layer or poor observational back¬ 
ground caused by a high population of knock-on proton tracks 
or a combination of both detriments. Studies are in progress 1555 
on the estimation of the mass of these mesons on the basis of 
grain counts along the trajectories. The tracks produced by the 
laboratory-created positive mesons suggest that they are simi¬ 
lar to the particles responsible for the * r-/x events in cosmic-rav 
plates. 
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APPENDIX 1 


RANGE-ENERGY RELATIONS IN ILFORD NUCLEAR RESEARCH 

'•'^"'LSIONS * 


Energy in Mev 


Range, 

Proton 

Deuteron 

Triton 

Alpha 

Li* 

microns 

P 

d 

r 

Particle 

Fragment f 

5 

0.5 

0.8 

1.0 

1 .0 

3 

10 

0.8 

1.3 

1 .0 

3.0 

0 

15 

1.1 

1.0 

1 .0 

4.0 

8 

20 

1.3 

1.0 

2.3 

5.0 

10 

30 

1 .7 

2.4 

2.0 

0.5 

13 

40 

2.0 

2.0 

3.5 

7.8 

10 

50 

2.3 

3.3 

3.0 

0. 1 

18 

00 

2.0 

3.7 

4.3 

10.2 

20 

70 

2.0 

4.0 

4.8 

11.4 

23 

80 

3.1 

4.3 

5.1 

12.2 

24 

00 

3.4 

4.0 

5.5 

13.0 

20 

100 

3.7 

5.0 

5.0 

13.7 

27 

150 

4.7 

0.3 

7.5 

17.0 


200 

250 

5.5 

0.3 

7.4 

8.5 

8.8 

10.0 

20.0 

22.5 


300 

7.0 

0.3 

11.1 

24.0 


350 

400 

7.0 

8.2 

10.1 

11.0 

12.0 

13.0 

20.8 

20 


450 

8.7 

11.7 

13.0 

31 


500 

0.3 

12.4 

14.8 

33 


000 

10.4 

14.0 

10.0 

30 


700 

11.4 

15.3 

18.2 

30 


800 

12.2 

10.4 

10.5 

42 


000 

13.0 

17.5 

20.8 

44 


1000 

13.0 

18.0 

22.1 

47 



1200 15.4 20.0 
1400 10.0 22.0 
1000 18.1 24.3 
1800 10.4 20.0 
2000 20.7 27.8 

2500 23.0 31.0 
3000 20.2 35.2 
3500 28.8 38.5 
4000 30.8 41.3 
4500 33.0 44.3 
5000 35.3 47.4 

* Based on measurements by Lattes, 
Uon from the relationships: 


24.0 

51 

20.0 

55 

28.8 

00 

30.0 

04 

33.0 

08 

37.0 

70 

41.8 

84 

45.8 

00 

40.0 

100 

52.0 


50.3 



Fowler, and Ciier Ll7 and extrapola- 


E p = 0.202/> 575 
E d = 0.352L°- 575 


Er = 0.418L 


0.575 


! ,,lS V d L°" th< ‘ assu I n P* ion that alpha particles and Li 
g lcnts of equal velocity have approximately the same range. 


8 
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APPENDIX 2 


ATOMIC CONSTANTS AND CONVERSION FACTORS 

Avogadro number 6.023 X 10 2 * atoms per mole 

Electron mass 9.106 X 10~ 28 g 

Proton to electron mass ratio 1836.57 

Energy equivalent of 1 electron mass 0.5108 Mev 
1 atomic mass unit is equivalent to 931.04 Mev 

1 curie = 3.7 X 10 10 disintegrating atoms per sec 
1 rut herford = 10 fi disintegrating atoms per sec 
37 rutherfords = 1 millicurie 
1 day = 8.64 X 10 4 sec 
1 year =3.15 X 10 7 sec 

1.07 X 10~ 3 
v 1.60 X 10~ 6 
Mev X 3.83 X 10 -14 
4.45 X 1CT 20 


= mass units 
= ergs 

= gram calories 
= kilowatt-liours 
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permeability, 102 
properties of, 184 
Uranium ink, 307 

Uranium isotopes, adsorption of, 
133 

disintegration rates, 146 
in ores, 161 
in tissues, 210 
purification, 144 
series decay, 147 
surface activity, 165 
toxicity, 211 


Uranium isotopes, U- >33 , 79, 151, 210 
Uranium oxide, 144 
UXi radiocolloids, 159 

Volatilization, of carbon, 44 
of polonium, 52, 216 
of ThB, 216 

Washing. 63 

Water, in emulsions, 127 
range of alpha rays, 85 
Willemite, 31, 85 ^ 

Xenon, 281 
X-ray film, 221, 251 

Yttrium, concentration by plants, 

238 ^ 
in soikC'Sv 

radiocolloids of, 157 
Zinc, 193, 237 
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